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FOREWORD 


The  1991  Active  Materials  and  Adaptive  Structures  Conference  in  Alexandria, 
Virginia,  was  held  to  address  the  explosion  in  both  theory  and  application  of  recent 
and  ongoing  developments  in  smart,  intelligent,  or  adaptive  structures.  The  hope  was 
to  provide  an  outlet  for  significant  developments  of  these  maturing  technologies  and 
for  their  applications  to  be  made  accessible  to  a  broad  interdisciplinary  community. 
The  many  areas  of  intelligent  systems  and  smart  structures  incorporating  active 
materials  are  now  emerging  rapidly  as  an  exciting  broad-based  discipline  that  has 
already  grown  to  include  major  areas  of  research  and  development.  These  include 
extensive  ongoing  R&D  programs  in  filament  sensors  including:  many  fiber-optic 
based  devices;  ferroelectric,  shape  memory,  and  electro-rheological -based  sensors 
and  actuators;  hybrid  composites  incorporating  inherent  sensing  and  actuation; 
biomimetics;  micromachines;  adaptive  optics;  and  many  others. 

This  volume  contains  a  broad  spectrum  of  theoretical,  developmental,  and 
applicational  studies  in  intelligent  materials  and  smart  structures.  For  example,  a  wide 
variety  of  approaches  to  sensing  and  actuation  are  discussed  that  exploit  the  many 
recent  developments  in  active  materials.  Such  research  and  development  activities 
are  currently  taking  place  in  universities,  industry,  and  government  laboratories — 
all  of  which  were  substantially  represented  at  the  AMAS  meeting.  Many  possible 
applications  of  these  technologies  are  described  that  include  already  emerging 
applications  in  underwater  vehicle  technology,  aircraft  systems,  smart  munitions,  civil 
engineering,  biomedical,  robotics,  and  space  platforms.  These  technologies  offer 
the  potential  of  substantial  advances  in  areas  such  as  precision  structures,  damage 
assessment/health  monitoring,  adaptive  optics,  advanced  avionics,  and  adaptive  space 
structures  ensuring  both  enhanced  and  more  reliable  systems. 

The  success  of  the  AMAS  Conference  was  due  to  the  kind  support  received  from 
the  American  Defense  Preparedness  Association,  the  Institute  of  Physics,  and  the 
various  government  agencies  and  agency  representatives  who  lent  their  prestige  and 
financial  support.  I  would  particularly  like  to  thank  Richard  Claus,  Andrew  Crowson, 
Peter  Dean,  Bruce  Holt,  James  Kelly,  Jerry  Newsome,  Pamela  Rei*  and  Ben  Wada  for 
their  support  and  encouragement. 


Gareth  J  Knowles 
Grumman  Corporation 
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A  multiaxis  isolation  system  for  the  French  Earth  observation  satellite's 
magnetic  bearing  reaction  wheel 


By 

D.  Cunningham,  P.  Davis,  and  F.  Schmitt 
Honeywell  Inc.,  Satellite  Systems  Operation;  Glendale,  Arizona 


ABSTRACT:  The  design  and  testing  of  a  six  degree  of  freedom  isolation  system  using  viscous 
damping  is  presented.  To  avoid  interactions  with  the  reaction  wheel's  magnetic  bearing  and 
output  torque  control  loops,  an  isolation  system  is  required  to  provide  very  specific  and  tightly 
controlled  values  for  the  natural  frequency  and  damping  (Q)  in  all  degrees  of  freedom.  Low 
natural  frequency  requirements  and  launch  loads,  together  with  1-G  testability,  require  the 
isolators  to  be  capable  of  unusually  large  deflections.  Analysis  shows  that  the  combination  of 
requirements  can  be  met  with  a  symmetric  arrangement  of  three  isolator  pairs —  a  hexapod. 
A  prototype  system  has  been  fabricated.  .A  design  description  and  test  results  are  included. 

1.1  SYSTEM  DESCRIPTION 

The  function  of  the  isolator  is  to  reduce  vibration  transmission  from  the  reaction  wheel  to  the 
spacecraft  during  orbital  operation.  It  is  imponant  that  the  system  not  increase  loads  transmitted  from 
the  spacecraft  to  the  reaction  wheel  during  launch,  and  is  particularly  true  for  certain  frequencies. 
MATRA,  the  company  responsible  for  the  spacecraft,  is  pursuing  two  alternatives  to  reduce 
vibration.  The  primary  approach  is  to  modify  the  reaction  wheel  to  improve  its  capability.  The 
hexapod  isolator,  a  backup  system,  will  be  pursued  through  the  system  testing  of  a  prototype  installed 
in  a  spacecraft. 

The  isolator  system  design  is  shown  in  Fig.  1  and  its  schematic  arrangement  in  Fig.  2.  Isolator  pairs 
are  attached  to  the  Y  structure,  which  holds  the  reaction  wheel  at  a  radius  R  and  in  a  plane  containing 
its  center  of  mass.  Each  isolator  is  skewed  by  an  angle  a  from  the  Zdirection,  with  the  angle  measured 
about  the  line  connecting  the  attachment  point  and  the  center  of  mass.  Each  isolator  has  pivots  at  benh 
ends;  therefore,  the  loads  are  essentially  axial  loads. 
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f-'ig.  1  Hexapod  Isiilator  Sysicin  Fig.  2  Syinmetrical  Hexapod  Geomeirx' 

The  translational  range  of  the  isolated  reaction  wheel  determines  the  axial  stroke  required  at  the 
isolators.  In  this  application,  stops  are  provided  between  the  base  assembly  and  the  Y  structure  to 
limit  the  motion  of  each  isolator.  This  hexapod  arrangement  is  a  kinematic  mount,  in  that  position 
is  neither  over-  nor  under-constrained  by  the  isolators.  All  loads  are  detenninistic;  they  may  be 
calculated  from  the  nominal  geometry  and  the  isolaioraxial  stiffness.  Alignment  isgreatly  simplified 
as  a  consequence,  and  stress  due  to  thennal  strain  is  also  eliminated.  Fig.,^  shows  some  of  the 
relationships  between  system  parameters  in  an  X.Y,  Z  coordinate  system  and  single  isolator 
parameters.  Subscript  A  denotes  the  axial  direction  of  an  isolator. 

Motion  allowed  by  the  stops  at  the  isolators  w  as  chosen  to  limit  X  and  Y  motions  and  prevent  contact 
whh  adjacent  spacecraft  components.  Stop  stiffness  was  determined  to  provide  a  compromise 
between  the  peak  deflections  under  launch  conditions  and  peak  impact  loads.  Isolator  requirements 
derived  from  the  system  level  requirements  are  shown  in  Fig.4. 

System  stiffness  and  damping  matrices  are  diagonal.  Therefore,  cross  coupling  will  be  a  second- 
order  effect,  due  to  asymmetries.  For  example,  the  system  frequency  and  peaking  (Q)  requirements 
given  in  Fig. 4  were  used  to  derive  the  individual  isolator  requirements  shown  in  Fig.  5.  The  isolator 
stiffness  (KA),  damping  constant  (0\),  and  skew  angle  (a)  were  selected  to  match  the  X  and  Y 
translational  frequency  (f  ),  the  X  and  Y  rotational  frequency  (f^_^),  and  the  X  and  Y  translational 
peaking  (Qj. 
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Fig.  3  Hexapod  Translational 
Transformations 


Fig,  4  System 
Isolator  Requirements 


Fig.  5  MVl.A  Isolator 
Requirements 


1.2  OVERALL  DESIGN  LAYOUT 


The  primary  requirements  on  the  overall  design  layout  were:  the  isolator  system  must  fit  vs  ithin  the 
spacecraft  compartments,  and  use  the  existing  spacecraft  and  reaction  wheel  mounting  provisions. 
No  changes  to  either  the  spacecraft  or  the  reaction  wheel  were  allowed.  For  functional  reasons,  the 
isolators’  layout  geometry  must  be  as  close  as  possible  to  that  detennined  by  the  system  design. 
Fig.  1  shows  the  final  layout. 

To  maximize  stiffness  of  the  reaction  wheel  support  structure  and  minimize  its  weight,  a  Y  shape  \s  as 
chosen  with  the  three  isolator  pairs  attached  at  the  ends  near  the  three  reaction  wheel  mounting  pads. 

To  avoid  cross-coupling,  the  plane  of  the  isolatorend  pivots  must  contain  the  reaction  u  heel  center 
of  mass,  so  the  Y  -  structure  ends  were  extended  in  the  Zdirection  to  the  level  of  the  attachment  points. 
To  fit  in  the  space  between  the  reaction  wheel  and  the  spacecraft  compartment,  two  isolators  pairs 
were  shifted  15°  from  the  nominal  120°  spacing  and  the  isolator  stems  were  crossed  with  one  stem 
offset.  The  stops,  one  for  each  isolator,  are  located  near  the  isolator  pairs.  This  arrangement  places 
the  stops  in  parallel  with  the  isolators,  preventing  the  stop  contact  forces  from  passing  through  the 
isolators  and  the  flexures.  A  base  assembly  provides  the  interface  between  isolator  ends  and  the 
spacecraft.  The  electrical  cable  across  the  isolator  system  has  sufficiently  low  stiffness  to  not  affect 
operational  performance. 
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1.3  ISOLATOR  DESIGN 


I'he  schematic  diagram  of  an  isolator  is  shown  in  Fig.  6,  with  a  cross  section  in  Fig.  7.  As  one  end 
of  the  isolator  moves  with  respect  to  the  other,  damping  takes  place  through  the  forcing  of  fluid 
through  the  annulus  between  the  two  chambers.  The  fluid  is  sealed  in  these  chambers  by  metal 
bellows,  which  are  also  used  in  the  temperature  compensator  and  fora  redundant  seal  over  the  lower 
bellows.  No  redundant  bellows  seal  is  required  over  the  upper  bellows,  since  seals  are  provided 
between  the  housing  components  that  enclose  it.  Fluid  volume  variation  with  temperature  is 
compensated  for  by  a  spring-loaded  piston  acting  on  the  damping  fluid.  A  small  passage  joins  the 
compensator  volume  to  the  main  fluid  volume  at  the  midpoint  of  the 
annular  passage  where  the  fluid  pressure  remains  nearly  constant.  The 
damping  effect  is  a  linear  function  of  the  How  length.  Three  coil  springs 
are  placed  in  parallel  with  the  main  bellows  to  obtain  the  required 
stiffness.  Their  location  allows  them  to  be  changed  easily  for  fine 

adjustment  of  stiffness.  The  fle.\ure  pivots  at  each  end  of  the  isolator  ,  _  .  ,  . 

Fig.  6  Equivalent  Circuit 

have  two  angulardegrees  of  freedom.  Since  they  consist  of  two  bending 

elements  machined  into  a  solid  cylinder  at  a  right-angle,  the  pivots  introduce  no  friction  into  the 
system.  Having  relatively  low  stiffness,  the  pivots  preclude  significant  bending  loads  on  the  isolator. 


Fig.  7  Isolator  Cross  Section 


Passive  Damping  Augmentation 


1.4  PERFORMANCE  TEST  RESULTS 

Testing  was  conducted  both  at  the  isolator  level  and  at  the  system 
hexapod  level.  Isolator  testing  was  carried  out  by  mounting  one 
end  to  a  rigid  mass  while  the  other  end  was  vibrated  axially.  Force, 
deflection,  and  acceleration  were  measured:  from  this  data,  the 
damping  coefficient  and  the  spring  constants  shown  in  Fig.  6  were 
determined.  Fig.  8  shows  the  resulting  values.  Note  that  the  value 
for  can  be  varied  by  substitution  of  the  three  coil  springs  and  the 
damping  coefficient  C  can  be  changed  significantly  by  using  a 
different  viscosity  damping  fluid.  Overall,  the  isolator  parameters 
are  acceptable. 

The  hexapod  isolator  system  was  tested  with  a  dummy  mass  to  repre.sent  the  reaction  wheel. 
Transmissibility  was  measured  by  mounting  the  isolator  system  on  a  force-measurement  table  and 
introducing  a  force  disturbance  at  the  dummy  mass.  Thi  .was  done  in  the  X,  Y  and  Zdireetions.  The 
iransmissibilities  detemiined  from  these  tests  are  shown  in  Fig.  9.  Although  there  are  differences  in 
both  re.sonant  frequency  and  transmissibility.  they  are  correctable  thn'ugh  spring  and  damping  fluid 
viscosity  changes.  Note  that  correction  w'ould  not  be  required  if  the  application  didn’t  require  such 
precision. 


Clow  =  0-24  Ib/in./s 
K3  =  58  Ib/in. 

K4  =  >8,000  Ib/in. 

Fig.  8.  Isolator  Test  Results 
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Fig.  9.  .Measured  Transmi.ssibility 
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1.5  CONCLUSIONS 

At  this  stage  of  the  development  we  can  conclude  that  the  performance  requirements  have  been  met. 

•  All  frequency  and  Q  requirements  in  Figure  4  were  satisfied. 

•  The  ability  to  fine  tune  both  C  and  K  was  demonstrated. 

•  The  use  of  two  degree  of  freedor.i  machined  lle-surcs  was  show  n  to  be  applicable  to  the 
hexapod  isolator  concept. 

Testing  for  thermal/vacuuni  survival  remains  to  be  done  and.  more  imponanily.  testing  of  the 
perfonnance  of  the  reaction  wheel’s  magnetic  bearing  and  ..^'quing  control  loops  while  on  the 
isolator  system. 
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Passive  damping  design  for  control  system  stability  on  the  SPICE  testbed 
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LAX-'khecd  Missiles  &  Space  Co.,  1111  Lockheed  Way,  0/77-50,  B551,  Sunnyvale,  CA  94089 

Eric  M.  .Austin 
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Steven  D.  Ginter 

Honeywell  Inc.,  Satellite  Systems  Operation,  P.O.  Box  52199,  Phoenix,  AZ  85022 

ABSTRACT:  The  SPICE  Testbed  is  being  used  to  demonstrate  a  l(X)-times  reduction 
in  structural  line-of-sight  jitter.  The  reduction  will  be  achieved  through  an  integrated 
application  of  active  control  and  passive  damping  techniques.  The  primary  role  of  the 
passive  system  is  to  augment  active  control  stability  in  the  cross-over  and  spill-over 
frequency  region  by  achieving  a  specified  level  of  damping  in  certain  critical  modes.  TTiis 
paper  describes  the  synthesis  approach  to  the  passive  damping  system  and  summarizes  a 
combination  of  damped  struts,  constrained-layer  treatments,  and  tuned-mass  dampers  to 
meet  the  damping  objectives.  Complex  eigensolutions  and  cross-orthogonality  between 
the  undamped  real  modes  and  the  damped  complex  modes  were  used  to  verify  the 
damping  design. 


1  .  INTRODUCTION 

The  SPace  Irite^raied  Controls  Experiment  (SPICE)  Testbed  brings  passive  and  active 
techniques  together  in  an  integrated  application  to  a  large  flexible  precision  structure.  One  of 
the  objectives  of  the  .SPICE  Program  is  to  demonstrate  a  factor  of  1(X)  reduction  in  root-mean- 
square  line-of-sight  (LOS)  Jitter  in  the  presence  of  specified  disturbances.  Because  of  the 
challenging  requirements,  active  structural  control  will  be  u.sed  to  achieve  primary 
improvement,  with  passive  damping  ensuring  a  robu.stly  stable  system. 

This  paper  presents  the  system-level  passive  damping  design  synthesis  process  and  the 
preliminary  passive  damping  design  of  the  SPICE  Testbed  for  control  system  stability.  Three 
types  of  passive  damping  treatments,  damped  struts,  constrained-layer  damping  and  tuned- 
mass  dampers,  were  considered  to  provide  sufficient  passive  damping  to  the  relevant  vibration 
mcxles  in  order  to  stabilize  the  control  system. 
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2.  THE  SPICE  TESTBED 

The  SPICE  Testbed  is  a  large  precision 
optical  structure  with  a  large  segmented 
primary  mirror.  The  primary  mirror  is 
supported  by  a  bulkhead  truss  structure 
which  is  comprised  of  approximately  250 
struts.  The  secondary  mirror  is  supported  by 
a  tripod  system.  The  structure  is  has  high 
modal  density.  The  finite  element  model 
(FEM)  is  shown  in  Figure  1  and  a  summary 
of  the  model  is  provided  in  Table  1. 

Two  sets  of  disturbances  to  the  structure  are 
considered:  one  at  the  secondary  mirror  and 
the  other  at  the  three  corners  of  the  truss 
structure.  The  power  spectral  density 
functions  of  these  disturbances  have  a 
constant  amplitude  at  5  to  10  Hz  with  fourth- 
order  breaks  at  5  and  10  Hz.  The  amplitudes 
of  the  power  spectra  are  scaled  to  have  an 
open-loop  line-of  sight  jitter  of  100  prad 
(R.MS). 


Figure  1 .  FEM  of  the  SPICE  Testbed 
Table  1.  Summary  of  SPICE  FEM 


No.  of  Nodes 

357 

No.  of  Elements 

486 

1st  Tripod  Bending  Mode 

8.88  Hz 

Mtxlcs  Below  100  Hz 

62 

Modes  Below  200  Hz 

105 

з.  PASSIVE  DAMPI.NG  REQUIREMENTS 

The  passive  damping  requirements  were  derived  from  the  active  control  system  design.  They 
were  driven  by  the  control  system  stability  in  the  loop  cross-over  and  spill-over  frequency 
regions.  The  stability  issues  of  control/structure  interaction  are  long  standing  and  well  know, 
Aubrun  et  ai  (1982).  The  objective  of  the  passive  damping  system  was  to  reduce  the  re.sonant 
respon.se  characteristic  in  certain  target  modes  by  achieving  a  specified  viscous  damping  ratio. 

The  active  control  system  used  a  high-gain, 
high-authority  approach  similar  to  Aubrun  e; 
al  (1982),  having  a  70  Hz  bandwidth.  The 
control  feedback  was  ba,sed  on  a  combination 
of  the  structural  LOS  variables  and 
acceleration  measurements  from  numerous 
points  on  the  structure.  The  LOS  variables 
were  constructed  from  relative  displacements 
and  rotations  between  elements  of  the  simu¬ 
lated  optical  system.  Proof-mass  actuators  (4  at  each  tripod  leg  and  6  at  the  bulkhead)  were 

и. sed.  The  damping  requirements  for  control  .system  stability  are  summarized  in  Table  2. 

The  damping  improvement  was  to  be  achieved  under  several  constraints.  First,  the  structure 
could  not  admit  any  geometry  or  dimensional  changes.  Second,  the  damping  desigti  could  not 
significantly  alter  the  structural  response  characteristics  in  the  control  system  bandwidth. 
Third,  any  structural  alterations  must  not  compromise  structural  integrity  in  meeting  static  and 
dynamic  load  requirements,  and  the  structure's  small  deformation,  linear  response  charac- 
tenstics.  Finally,  the  passive  system  must  not  increase  the  weight  by  more  than  10%. 


Table  2.  Damping  Requirements 


Mode 

Number 

Frequency 

(Hz) 

Equivalent 
Viscous  Damping 

65,66 

103 

0.05 

71,72 

117 

0.05 

75,76 

123 

0.10 

78,  79 

126 

0.05 
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4.  DESIGN  APPROACH 

The  dynamics  of  the  baseline  structure  as  approximated  by  a  finite  element  model  can  be 
chiu'acterized  by  the  mass  matrix  fM)  and  the  stiffness  matrix  (K).  and  the  disturbances  are 
characterized  by  the  spatial  vectors  (P)  and  the  forcing  functions  g(t) 

Mij  +  Cii+Ku  =  P  g(t)  (1) 

Inherit  damping  of  a  structure  is  normally  modelled  as  modal  damping  coefficients.  For  a 
structure  augmented  with  viscous  and  viscoelastic  materials  to  enhance  its  damping  charac¬ 
teristics,  the  structural  sy.stem  is  best  described  mathematically  in  the  frequency  domain  by 

+  Ki^lco))  +  i  (coC  +  Kf(cu))]  U((o)  =  P  G((o)  (2) 

The  goal  of  the  passive  damping  design  process  is  to  identify  the  best  and  most  weight 
efficient  ways  to  introduce  passive  damping  into  the  system  for  control  system  stability.  A 
rigorously  optimized  solution  based  on  Equation  (2)  is  too  complex  and  not  practical,  even  if  it 
is  possible.  The  practical  approach  to  this  design  problem  is  to  understand  the  fundamental 
behavior  of  the  structure  and  use  simplified  engineering  design  procedures  to  design  various 
damped  devices.  The  methods  for  designing  damped  struts,  constrained-layer  treatments,  and 
tuned-mass  dampers  for  simple  structures  are  well  established.  These  methods  can  be  applied 
to  complex  systems  by  using  simplifying  assumptions.  The  integration  and  interaction  of 
the.se  damping  devices  must  then  be  verified  by  a  rigorous  analysis  to  ensure  that  the  system 
requirements  tu’e  met. 

5.  DAMPING  DESIGN 

For  the  control  system  stability,  relatively 
large  amounts  of  passive  damping  were 
required  in  a  relatively  small  set  of  modes  in 
the  high  frequency  range,  as  shown  in  Table 
2.  In  order  to  best  formulate  passive 
damping  design  concepts,  the  modal 
characteristics  of  these  modes  must  be  well 
understood.  For  the  three  types  of  damping 
treatments  considered,  the  most  important  modal  parameters  are  the  locations  of  maximum 
strain  energy  and  maximum  displacement.  A  summary  of  the  modal  strain  energy  (MSE) 
distribution  is  shown  in  Table  3,  The  high  percentage  of  strain  energy  in  the  bulkhead  in 
modes  6.5,  66,  75,  76,  78,  and  79  suggests  damped  struts  can  be  used  effectively  to  impart 
system-level  damping  to  these  modes.  However,  they  are  quite  ineffective  for  modes  7 1  and 
72,  where  the  highest  concentration  of  strain  energy  is  in  the  tripod  legs.  In  this  case,  either 
constrained-layer  treatments  or  tuned-mass  dampers  would  be  effective  on  the  tripod  legs. 
-Special  attention  should  also  be  given  to  modes  75  and  76  which  have  a  high  damping 
requirement  of  lO'T. 

U _ Damped  Strut  Design 

The  modal  strain  energy  distribution  in  Table  3  sugge.sts  that  struts  with  high  loss  factor  could 
be  used  to  obtain  the  required  damping.  However,  a  more  detailed  breakdown  shows  that  the 


Table  3.  Summary  of  Modal 
Strain  Energy  Distribution 


Modes 

65,66 

71,72 

75,76 

78,79 

Frcq  (Hz) 

103 

117 

123 

126 

Rcq'd  ^ 

5% 

5% 

10% 

5% 

Bulkhead  MSE 

62% 

16% 

65% 

74% 

Tripod  MSE 

23% 

6.3% 

0% 

4% 
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strain  energy  in  these  higher  order  modes  is  well  distributed  in  many  bulkhead  struts.  The 
number  of  struts  to  be  replaced  by  damped  struts  is  dictated  by  1)  the  highest  loss  achievable 
at  the  strut  level  and  2)  the  character  of  the  modes  for  which  the  struts  arc  effective.  The  first 
is  determined  through  strut  design,  the  second  through  system-level  analysis. 

A  three-parameter  model  was  used  to  model  a  typical  damped  strut  as  suggested  by  Yiu  and 
Ginter  (1991).  This  provided  a  simple  representation  of  the  strut  stiffness  and  damping 
characteristics  and  allowed  sizing  of  the  strut  parameters  to  match  the  stiffness,  damping,  and 
frequency  characteristics  to  match  the  system-level  damping  requirements.  The  system-level 
damping  design  followed  the  method  suggested  by  Yiu  (1991)  which  provided  the  basis  to 
approximate  the  contribution  of  each  damped  strut  to  the  system-level  damping. 

Figure  2  shows  the  number  of  struts  would 
have  to  be  replaced  for  each  target  mode, 
assuming  a  strut  loss  factor  of  0.4  and  that 
the  struts  with  highest  MSE  were  replaced 
first.  Many  struts  were  effective  for 
providing  damping  to  many  modes  at  the 
same  time.  Hence,  the  total  number  of  struts 
to  be  replaced  is  much  less  than  the  direct 
sum  of  the  number  of  struts  read  from  Figure 
2.  The  approximate  system-level  damping 
predictions  for  the  sets  of  damped  struts  can 
be  computed  rather  easily  and  are  shown  in 
Figures  3  and  4. 


Mode  Number  Mode  Number 

Figure  3.  60  Damped  Struts  System  Damping  Figure  4.  94  Damped  Struts  System  Damping 

5.2  Constrained-Layer  Damping  Treatment 

It  is  clear  from  Figure  2  that  a  large  number  of  struts  would  have  to  be  replaced  to  meet  the 
goal  of  5%  damping,  if  possible,  for  modes  71  and  72.  The  MSE  in  Table  2  identifies  these 
as  modes  involving  primarily  the  tripod  legs,  so  it  is  logical  to  augment  these  tripod  legs  with 
constrained- layer  treatments  to  provide  system-level  damping.  Trade  studies  were  performed 
to  determine  the  best  combination  of  viscoelastic  material  (VEM)  and  constraining  layer  on  an 
isolated  model  of  a  single  leg  treated  as  a  pinned-end  beam.  Following  rough  guidelines 
outlined  neatly  by  Kerwin  (1984),  the  resulting  design  called  for  a  relatively  flexible  VEM  and 
graphite/epoxy  constraining  layers  applied  in  eight  circumferential  and  one  longitudinal 
segments.  Using  a  finite  element  model  and  modal  strain  energy  method,  the  predicted 
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system-level  damping  of  the  constrained- 
layer  design  is  approximately  4%.  The 
system-level  damping  prediction  of  the 
constrained-layer  treatments  is  shown  in 
Figure  5.  When  this  modal  damping  was 
superimposed  on  those  provided  by  the  the 
damped-strut  design,  the  total  modal 
damping  exceeded  the  passive  damping 
requirements  for  the  modes  of  interest. 

5.3  Tuned-Mass  Dampers 

The  large  number  of  struts  required  is  driven 
mainly  by  the  10%  viscous  damping  needed 
in  the  mode  pair  at  123  Hz.  As  an  option  to 
eliminate  some  struts,  two  tuned-mass 
dampers  (TMDs)  were  design  for  these 
modes.  The  two  attachment  locations  were 
chosen  as  points  of  highest  displacements, 
which  turned  out  to  be  points  on  the  outer 
edge  of  the  bulkhead.  Design  guidelines 
derived  from  discussions  in  Harris  (1988) 
were  used  to  predict  the  proper  mass  of  6.3 
lbs  (2.9  kg)  each  and  loss  factor  of  0.66. 

Each  TMD  introduced  an  additional  vibration 
mode  to  the  system.  The  system-level  effect 
of  the  TMDs  o:  'e  control  system  has  not  yet  been  assessed.  The  TMDs  were  then  modelled 
as  complex  springs  and  an  complex  eigensolution  was  solved  for  system  level  damping 
prediction. 

6.  SYSTEM-LEVEL  ANALYSES 

System-level  analyses  are  required  to  1)  verify  the  applicability  of  the  simplified  design 
approach  for  each  damping  treatment  applied  to  a  complex  structure,  2)  check  for  possible 
interaction  between  different  damping  devices,  and  3)  predict  system-level  characteristics  and 
check  the  perturbation  of  the  plant  modal  characteristics  due  to  damping  augmentation. 

Discrete  damping  device.s  such  as  the  damped  .struts  .ind  tuned-ma.ss  dampers  can  be  modelled 
by  dashpots.  An  explicit  system-level  damping  matrix  was  assembled  for  the  complex 
eigenvalue  problem  which  provided  the  system  frequencies,  damping,  and  mode  shapes.  For 
analysis  of  the  large  structural  system,  efficient  methods  by  Yiu  and  Weston  (1992)  were 
used.  Cross-orthogonality  checks  were  used  to  correlate  the  real  modes  of  the  undamped 
model  and  the  complex  modes  of  the  damped  model. 

For  the  damped  strut  design,  the  damping  and  frequency  predictions  correlated  very  well  with 
the  complex  eigensolution.  The  cross-orthogonality  check  revealed  that  the  introduction  of  the 
damped  struts  did  not  significantly  change  the  mode  shape  of  the  structure.  However,  for  the 
tuned-mass  damper  design,  due  to  the  interaction  between  the  dampers  and  the  structural 
mtxles  to  be  suppressed,  significant  change  in  mode  shapes  in  a  few  modes  was  expected  and 
observed  by  the  orthogonality  check. 


Mode  Number 


Figure  5.  Constrained-Layer  Treatments 
System  Damping 


Mode  Number 


Figure  6.  Tuned-Mass  Dampers 
System  Damping 


12  Active  Materials  and  Adaptive  Structures 

When  60  struts  were  replaced  by  the  damped 
struts,  modes  65  and  66  had  12%  damping 
modes  78  and  79  had  8%  damping;  both 
exceeded  the  damping  requirements. 

However,  modes  75  and  76  had  only  6.2% 
damping,  which  was  less  then  the  10% 
required.  A  separate  damping  design  with 
two  TMDs  targeting  modes  75  and  76 
resulted  in  four  modes  with  1 1.5%  damping. 

The  60-dam ped- strut  design  and  two-TMD 
design  were  integrated  in  a  finite  element 
model,  and  a  complex  eigensolution  was 
computed.  An  excerpt  of  the  cross¬ 
orthogonality  check  is  shown  in  Table  4.  The 
complex  modes  that  resemble  the  real  modes  75  and  76  have  cross-orthogonality  coefficients 
of  0.69  and  0.62.  Therefore,  the  mode  shapes  have  been  changed  substantially.  The 
damping  in  these  modes  were  increased  to  14.8%  and  decreased  to  3.8%  due  to  the  addition 
of  the  two  TMDs.  The  interaction  of  these  two  damping  treatments  has  significant  change  the 
plant  used  in  the  control  design  synthe.tis.  A  control  design  iteration  is  required  to  verify  the 
system  performance  and  stability  if  these  two  passive  treatments  are  implemented.  The  94- 
damped-strut  design  increases  the  damping  in  modes  75  and  76  to  11%,  and  it  is  reasonably 
sure  that  no  significant  changes  in  the  control  design  is  required.  The  modal  damping  from 
damped-strut-design  and  constrained-layer  design  is  superimposed  as  the  practical  modelling 
and  techniques  for  such  an  integrated  passive  system  have  not  been  available  so  far. 

7.  CONCLUSION 

The  .system-level  passive  damping  design  presented  herein  demonstrated  that  passive  damping 
can  be  used  effectively  with  a  control  system  to  achieve  a  high  level  of  vibration  suppression. 
The  design  synthesis  process  used  is  practical  and  effective;  it  is  based  on  understanding 
structural  behavior  and  also  fundamental  engineering  principles.  Furthermore,  the  integrated 
passive  design  was  analyzed  rigorously  for  performance  verification.  Design  iterations  and 
optimization  of  passive  damping,  active  control,  integrated  pas.sive  and  active  system,  and 
component  design  will  further  refine  the  preliminary  design  toward  hardware  implementation. 
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Table  4.  Cross-Orthogonality  Check 


Complex  Modes 

60  D-StruLs  +  2  TMEk 

Real  Modes 

Undamped  Model  -  Mode/Freq 

Mode 

Reg 

65 

66 

75 

76 

No. 

(Hz) 

t%) 

103.4 

103.4 

123.4 

123.5 

67 

104.9 

1.2 

0.72 

0.56 

-0.05 

0.05 

68 

105.1 

3.0 

-0.59 

0.67 

0.05 

0,03 

77 

128.9 

14.8 

-0.01 

-O.OI 

-0.69 

0.42 

78 

129.3 

3.8 

0.0 

0,0 

-0.S2 

0.62 

79 

129.9 

5.4 

0.0 

0.03 

0.79 

0.40 

80 

132.7 

14.6 

0.03 

-0.04 

-0.18 

-0.20 
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Passive  damping  in  the  MIT  SERC  controlled  structures  testbed 


K.  Ei  Anderson,  G.  H.  Blackwood,  and  J.  P.  How 

MET  Space  Engineering  ResearcEi  Center  (SERC),  Cambridge,  MA  02139 


ABSTRACT:  TEie  role  of  passive  damping  in  a  controlled  structures  technology 
testbed  with  a  multipoint  alignment  performance  metric  is  described.  Two  distinct 
types  of  damping  are  implemented.  Low  loss  factor  viscoelastic  damper  struts  are 
distributed  throughout  the  truss  structure  to  uniformly  add  damping  to  all  modes 
of  interest.  In  addition,  high  loss  factor  viscous  dampers  are  used  to  target  modes 
required  by  a  control  strategy  that  employs  a  movable  mirror  to  directly  influence 
pathlength.  Experimental  results  of  the  component-level  characterization  of  the 
viscous  dampers  and  system  level  performance  of  both  sets  of  dampers  are  presented. 

1  INTRODUCTION 

Stringent  requirements  for  future  large  space  structures  have  lead  to  the  development  of 
numerous  approaches  to  actively  control  both  shape  and  alignment.  The  low  inherent 
damping  in  these  structures  is  an  impediment  to  most  active  control  approaches.  By 
increasing  phase  margin  in  the  controller  rolloff  region,  passive  damping  augmentation 
improves  the  performance  and  robustness  of  active  systems  operating  on  the  structure. 
The  controlled  structures  technology  (CST)  testbed  (Blackwood  et  al,  1991)  at  the 
MIT  Space  Engineering  Research  Center  (SERC)  incorporates  passive  damping  m  the 
form  of  lossy  struts  that  replace  existing  members.  Two  types  of  dampers  -  low-loss 
viscoelastic  and  high- loss  viscous  -  have  been  employed.  The  viscoelastic  struts  are 
modified  versions  of  the  basic  aluminum  tube  struts  that  make  up  the  testbed.  The 
viscous  struts  make  use  of  the  Honeywell  D-Strut  damper  (Anderson  et  al,  1991)  The 
remainder  of  the  paper  contains  a  description  of  the  testbed,  the  damping  philosophy, 
and  an  experimental  demonstration  of  the  effect  of  the  dampers. 

2  TESTBED  DESCRIPTION  AND  APPROACH  TO  DAMPING 

The  SERC  CST  testbed  was  designed  to  capture  the  relevant  physics  and  performance 
metric  of  an  orbiting  optical- wavelength  interferometer  spacecraft.  Research  addresses 
both  the  internal  and  external  differential  pathlength  stability  for  multiple  slderostat 
collecting  telescopes  in  a  frequency  range  where  structural  flexibility  is  important. 

Figure  1  shows  the  testbed  structure.  Six  triangular  truss  beams  form  a  tetrahe 
dron  measuring  3.5  meters  on  a  side,  representing  a  1/lOth  scale  model  of  the  reference 
science  mission.  A  laser  mounted  to  the  structure  at  the  “fourth  vertex”  (backright  in 
the  photo)  provides  a  measure  of  optical  pathlength  changes  between  this  point  (rep¬ 
resenting  combining  optics)  and  three  mock  siderostats  located  on  the  science  plane  of 
the  structure.  At  each  siderostat  location  is  a  3  dof  articulated  mirror  whose  position 
IS  measured  by  the  laser  metrology  system.  High  sensitivity  accelerometers,  used  to  de¬ 
termine  the  external  differential  pathlength,  are  placed  nearly  collocated  with  the  mock 
siderostats.  A  disturbance  source  (three  orthogonal  piezoceramic  proof  mass  actuators) 
IS  located  at  the  top  vertex.  Currently,  four  active  piezoelectric  struts  can  replace  the 
basic  aluminum  struts,  for  a  total  of  13  possible  actuators.  The  testbed  structural  skele¬ 
ton  consists  of  229  aluminum  nodes  and  701  struts.  Total  mass  is  approximately  63  kg. 
There  are  about  30  modes  below  100  Hz,  with  a  fundamental  at  25  Hz. 
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Figure  1:  The  SERC  CST  Testbed 


Unit 

-Mass 

Strut 

Mass 

Added  to 

(g) 

Testbed 

Nominal 

39.5 

- 

J-Strut 

57.3 

1.41%  (50) 

D-Strut 

232.9 

1.53%  (5) 

Figure  2:  The  J-Strut  Viscoelastic  Damper 
The  passive  damping  was  added  in  the  form  of  struts  rather  than  at  the  joints  ol 
the  structure.  This  decision  was  based  on  the  desire  to  simplify  both  the  modeling  of 
damping  and  the  physical  alteration  of  the  damping  distribution,  and  to  allow  numer¬ 
ous  damper  designs  (viscoelastic,  viscous,  shunted  piezoelectric,  etc.)  to  be  employed. 
Future  work  will  compare  the  relative  effectiveness  of  passive  vs.  active  uampers. 

.As  mentioned,  two  types  of  passive  damper  struts  have  been  used.  The  purpose 
of  the  viscoelastic  struts  (J-Struts)  is  to  increase  the  overall  level  of  damping  in  the 
structure,  ensuring  that  no  modes  are  too  lightly  damped.  The  high-loss  viscous  struts 
(D-Struts)  were  added  to  damp  a  smaller  number  of  modes  deemed  critical  by  a  specific 
control  approach.  The  .J-Struts  can  be  considered  a  semi-permanent  part  of  the  testbed, 
but  the  locations  of  the  D-Struts  depend  on  the  control  approach. 

In  a  lightly  damped  truss  structure,  the  damping  provided  by  n  damped  struts  for 
a  single  mode  can  be  estimated  by  r]j  —  Z)r=i  where  tj.trui  is  fhe  loss  factor  of 

an  individual  strut  and  e,j  is  the  ratio  of  strain  energy  in  strut  i  to  the  strain  energy 
of  the  entire  structure  for  mode  j.  The  linearity  of  the  expression  makes  it  possible  to 
represent  a  placement  strategy  as  an  integer  linear  programming  problem  using  ,(l.li 
variables  for  each  location.  Struts  were  placed  based  on  maximizing  the  minimum  loss 
factor  over  the  first  36  flexible  modes,  using  the  program  LINDO. 

3  BROADBRUSH  DAMPING  (J-Struts) 

The  main  design  criterion  for  the  J-Strut  dampers  (Figure  2)  was  to  maximize  the  loss 
factor  per  mass  with  a  rrunirnal  change  in  stiffness  from  the  nominal  strut.  1  he  struts 
were  manufactured  bv  wrapping  two  0.01.5  inch  layers  of  3M  ISDl  10  viscoelastic  rnaleriiii 
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Figure  3:  Collocated  Transfer  Function  Showing  Effect  of  the  Addition  of  o<l 
J-Strut  Dampers  to  the  Testbed 

( V  EM)  around  nominal  aluminum  struts.  A  0.5  inch  outer  diameter  aluminum  tube  with 
0.035  inch  wall  thickness  was  cut  in  half  along  its  length  and  cured  to  the  outside  of 
the  \ToM  layer.  Total  treated  length  was  5  inches.  The  fifty  J-Struts  were  tested  in  an 
axial  component  tester  at  displacement  levels  of  approximately  200  nm  rms,  and  found 
to  have  a  high  frequency  stiffness  approximately  10%  above  that  of  the  nonuna!  strut 
and  a  loss  factor  of  0.06-0.07  over  the  frequency  range  of  20-60  Hz. 

Fifty  struts  were  placed  in  the  structure  using  the  algorithm  described  earlier.  An 
average  damping  addition  of  0.44%-0.52%  was  expected  for  the  first  24  modes.  The 
experimental  increase  in  damping  was  determined  by  acquiring  transfer  functions  from 
two  separate  shaker  locations  to  three  separate  accelerometers  before  and  after  the 
addition  of  the  J-Struts.  Data  were  acquired  with  random  input  in  blocks  from  2U- 
60  Hz  and  60-100  Hz.  A  typical  transfer  function  is  shown  in  Figure  3.  Tlie  data  were 
fit  for  all  modes  below  90  Hz.  For  the  20  modes  for  which  reliable  data  were  obtained 
both  with  and  without  the  dampers  present,  the  average  damping  ratio  rose  from  0.94% 
in  the  “undamped”  case  to  1.34%,  an  increase  of  0.40%. 

1  TARGET  DAMPING  (D-Struts) 

The  Honeywell  D-Strut  damper  is  a  device  that  can  have  loss  characteristics  tailored 
for  a  specific  application.  Earlier  versions  of  the  D-Slrut  were  used  in  the  P.ACOSS 
program  (Morganthaler,  1991).  The  present  D-Strut  is  a  smaller  device,  similar  to  that 
used  in  the  JPL  Phase-B  Testbed  (O’Neal  and  Eldred,  1991),  but  with  a  higher  loss 
factor.  The  D-Strut  specifications  were  based  on  the  approach  of  Anderson  et  al  (1991). 
The  frequency-dependent  loss  factor  should  have  a  maximum  (tj")  in  the  range  of  control 
rolloff  (50-100  Hz),  and  the  frequency-dependent  stiffness  of  the  strut  is  matched  to  that 
of  a  nominal  strut  at  the  maximum  loss  frequency  {/*).  Due  to  the  gradual  decrease  in 
loss  factor  at  frequencies  above  the  peak,  the  peak  (64  Hz)  was  placed  near  the  low  end 
of  the  rolloff  region. 

The  complex  D-Strut  impedance  represented  by  the  lead-lag  system  of  Figure  5 
was  measured  using  a  precision  axial  component  tester  that  employs  a  large  piezoelec¬ 
tric  driver  and  laser  interferometer  displacement  measurement.  Data  for  approximately 
100  nm  rms  motion  across  the  D-Struts  w'as  acquired  from  1-100  Hz,  and  the  model 
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Figure  4:  Average  Damping  for  First  24  Modes  Based  on  Curve  Fits  of  Transfer 
Function  .Vfagnitude  and  Phase  Data  With  and  Without  J-Struts 


Component  Tests 

In  Testbed 

D-Strut 

L-a  (N  'pm)  f'{Hz) 

V’ 

4>' 

r{Hz) 

7* 

4>’ 

1 

4.03 

80.4 

1.48 

56.0° 

64.7 

1.13 

48,4° 

2 

3.77 

66.7 

1.25 

51.2° 

56.9 

1.01 

45.2° 

3 

4.15 

85.0 

1.49 

55.6° 

68.4 

1.11 

47,9° 

4 

3.87 

73,0 

1.39 

53.4° 

60.8 

1.06 

46,7“ 

5 

3.89 

85.0 

1.49 

56.2° 

68,7 

1,14 

48.7° 

avg. 

3.94 

78.0 

1.41 

54.5° 

63.9 

1.09 

47.4° 

spec. 

3,08 

63.9 

1.66 

58.9° 

- 

- 

- 

Table  1;  Properties  of  the  D-Struts 

parameters  (DC  gain,  pole  frequency,  and  zero  frequency)  extracted  for  each  of  five 
stru's.  Results  of  the  fit  are  shown  in  Table  1.  The  average  value  of  the  DC  slilTiiess 
is  above  the  specified  value.  It  represents  35%  of  a  nominal  strut  stiffness.  The  higher 
than  expected  stiffness  resulted  in  an  increase  in  the  frequency  (/’)  of  the  maximum 
loss  factor  (y/*).  The  values  of  Tj’  are  slightly  below  the  specified  value.  The  quantity  it)‘ 
corresponds  to  the  maximum  phase  lead.  Note  that  the  same  quantities  are  given  for 
the  struts  after  they  are  placed  in  series  with  a  spacer  (fc,p=68  N/'pm)  and  integrated 
into  the  testbed.  The  spacer  is  currently  undergoing  redesign  (stiffening)  to  bring  these 
numbers  closer  to  the  component  values. 

5  OPTICAL  PATHLENGTH  CONTROL 

.'\  subset  of  the  testbed  performance  metric  is  the  stabilization  of  an  optical  pathlength 
between  the  collecting  optics  and  one  of  the  siderostats.  Pathlength  error  measured 
by  laser  metrology  can  be  fed  back  by  a  controller  to  an  articulating  mirror  to  cancel 
motion  along  the  optical  LOS  and  reject  pathlength  disturbances.  The  transfer  function 
(Figure  6)  between  mirror  actuation  and  pathlength  exhibits  some  coupling  with  the 
lightly  damped  structural  modes,  leading  to  a  reduction  in  phase  margin  of  modes  in 
the  region  of  the  controller  rolloff.  The  goal  is  to  place  the  D-struts  to  increase  phase 
margin  of  some  particularly  troublesome  modes.  The  mode  at  90  Hz  is  chosen  a  the 
target  mode  to  be  damped  due  to  its  contribution  of  70°  phase  loss  (beyond  that  caused 
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f'igure  5:  Model  and  Photograph  of  the  D-Strut 
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Figure  6;  Mirror  Mount  to  Laser  Transfer  Function  Showing  Reduction  in  Phase 
Excursions  Due  to  D-Strut 

by  the  laser  sampling  delay).  The  locations  of  the  five  D-struts  were  based  on  a  strain 
energy  ranking  for  this  mode.  To  avoid  placement  in  neighboring  struts,  five  of  the  top 
seven  locations  were  used. 

f'rorn  Garcia  e<  al  (1990)  the  expected  phase  loss  of  a  particular  mode  (and  the  phase 
recovery  due  to  added  damping)  can  be  determined  without  computing  or  measuring 
the  transfer  function  directly.  For  the  articulation  of  a  light,  rigid  mirror  using  PZT 
displacement  actuators  against  a  flexible  base  structure,  the  structural  flexibility  weakly 
couples  to  the  collocated  transfer  function  between  commanded  and  measured  displace¬ 
ment.  The  pole-zero  spacing  in  the  transfer  function  for  the  r*^  mode  is  bounded  to  first 
order  by 


where  m  is  the  mirror  mass  at  location  i  and  <^’  is  the  eigenvector  of  the  r'^  mode 
(normalized  to  unity  modal  mass)  of  the  flexible  structure  at  the  mirror  interface  along 
the  LOS.  The  bound  becomes  tighter  as  the  structural  modal  spacing  becomes  large. 


;s 
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For  the  collocated  case,  a  closely  spaced  zero  follows  each  pole,  and  the  minimum  phase 
of  the  pole-zero  pair  is 

4>  =  —  2arctan 

where  is  the  modal  damping  and  the  function  argument  remains  nondimensional. 

The  effect  of  the  relative  measurement  can  be  included  by  considering  the  eigenvector 
at  the  fourth  vertex  (at  location  k)  along  the  LOS,  Since  the  mirror  is  articulated 
about  an  axis  that  does  not  pass  through  its  center  of  gravity,  rotational  effects  are 
included  by  the  mirror  inertia  J,  a  geometric  factor  a  relating  rotation  to  commanded 
displacement,  and  structural  rotation  eigenvector  4>^  at  the  mirror  interface  location 
along  the  rotation  axis.  The  phase  loss  due  to  the  r'^  mode  becomes 


4C 


(2) 


<f>  =  -2  arctan 


4C. 


The  additional  terms  due  to  noncollocated  and  rotational  flexibility  tend  to  be  small 
compared  to  the  collocated  term,  in  part  because  the  fourth  vertex  is  massive.  Thus  the 
transfer  function  of  Figure  6  exhibits  nearly  collocated  behavior. 

The  minimum  phase  of  the  pole-zero  pair  at  90  Hz  calculated  using  eigenvectors 
from  the  finite  element  model,  measured  0.0086  damping  ratio,  and  a  mirror  mass  of 
1.3  kg,  is  93  degrees,  compared  to  the  measured  70  degrees  beyond  the  phase  loss 
due  to  time  delay.  The  error  is  attributed  to  finite  element  modelling  errors,  and  the 
discrepancy  between  the  eigenvectors  of  the  model  with  and  without  mass  loading  of 
the  mirror.  From  Figure  6,  the  addition  of  the  D-Struts  clearly  reduces  the  phase  loss 
in  the  target  mode.  This  analytical  approach  permits  us  to  calculate  the  phase  loss  due 
to  flexible  modes  in  the  open  loop  mirror  transfer  function,  identify  those  modes  for 
targeted  D-strut  damping,  and  to  specify  the  modal  damping  required  to  recover  the 
desired  amount  of  phase.  Sufficient  damping  of  these  modes  will  facilitate  the  stable 
rolloff  of  compensators  for  pathlength  regulation. 

6  CONCLUSIONS  AND  FUTURE  WORFC 

The  approach  to  passive  damping  augmentation  in  one  CST  testbed  has  been  presented. 

large  number  of  low-loss  idctor  viscoelastic  struts  was  used  to  increase  damping  slightly 
in  all  modes.  A  smaller  number  of  very  high  loss  factor  viscous  dampers  was  used  to 
target  critical  modes  which  limit  performance  in  a  specific  control  loop.  Future  work 
will  include  possible  construction  of  50  more  J-Strut  dampers,  stiffer  D-Strut  spacers, 
assessment  of  whether  the  high-loss  D-Struts  can  cause  complex  modes,  and  the  use  of 
the  target  viscous  damping  in  direct  optical  pathlength  control  and  other  global  control. 
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Smarf  tuned-mass  dampers 
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ABSTRACT:  Passive  damping  u.sing  tuned-mas.s  dampers  (TMD.s)  is  a  well-known, 
weight-efficient  approach  to  suppress  vibrations  of  a  single  mode  (or  a  group  of  modes).  A 
TMD  produces  a  high  level  of  damping  with  a  small  amount  of  added  weight  if  kept  tuned 
to  the  frequency  of  the  offending  mode.  A  prototype  TMD  that  will  tune  itself  to  an  offending 
mode  has  been  designed,  built,  and  te.sted.  It  can  keep  itself  tuned  to  the  offending  mode, 
even  if  that  mode  changes  frequency.  The  prototype  confirmed  that  a  “.smart"  TMD  could 
be  built. 

I.  INTRODUCTION 

A  tuned-mass  damper  (TMD)  is  a  vibration  damping  device  consisting  of  a  mass  and  a  damped 
“spring"attached  to  a  stnicture  at  or  near  an  antinode  of  a  troublesome  mode  of  vibration.  The 
damped  spring  is  often  composed  of  a  vi.sctrelastic  material  (VEM).  This  device  is  capable  of 
damping  either  one  mode  or  .several  very  clo.sely  spaced  modes  and  is  usually  mttre  weight- 
effective  than  other  types  of  damping  (passive  or  active)  It  mu.st  be  tuned  preci.sely.  however, 
in  order  to  function  properly,  i.e..  specific  values  of  spring  constant,  damping  loss  factor,  and 
mass  are  critical  to  the  successful  design  of  the  TMD. 

TMDs  are  conceptually  simple,  can  be  optimized  (with  .special  de.sign  tools),  are  very  efficient 
in  weight  and  space  requirements,  and  produce  significant  damping  levels,  but  they  are  seldom 
used.  Their  only  real  drawback  is  that  the  TMD  must  remain  tuned  within  fairly  nanow 
frequency  bounds.  If  the  TMD  becomes  untuned  due  to  a  change  in  TMD  properties  or  if  the 
.structure  to  which  it  is  attached  changes,  the  TMD  might  no  longer  provide  any  damping. 

The  goal  of  this  effort  was  to  take  the  TMD  concept  and  overcome  its  one  real  drawback;  the 
need  for  constant  tuning.  The  approach  was  to  take  advantage  of  the  temperature-sensitive 
properties  of  vi.scoelastics  to  create  a  damped  spring  with  a  .spring  rate  that  could  be  continuously 
varied  (by  heating  or  cooling)  to  dynamically  tune  the  TMD  as  needed.  Specifically,  this 
consisted  of  the  following. 

1 .  Derive  an  algorithm  that  can  determine  the  temperature  of  the  vi.scoelastic  for  optimum 
tuning.  Thi.s  control  algorithm  was  developed  .subject  to  two  assumptions. 

•  The  natural  frequency  and  damping  of  the  mode  of  the  base  structure  is  initially 
unknown  and  can  change  with  time  in  a  continuous  or  noncontinuous  manner. 

•  The  excitation  to  the  structure  is  unknown  in  type  and  level,  and  both  may  change 
with  time.  The  excitation  (and  thus  respon.se)  may  also  drop  below  the  .sensitivity  of 
any  .sensor  used  by  the  TMD.  Thi.s  loss  of  excitation  and  respon.se  may  not  result  in 
a  wrong  action  by  the  controller. 

’Currently  with  U.S.  Windpower.  Inc..  Livermore.  CA 
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2.  Demonstrate  the  algorithm’s  performance  on  a  laboratory-scale  structure  with  a  real, 
thermally  controlled  TMD. 

This  approach  is  based  on  assumptions  that  provide  a  broad  realistic  (and  stringent)  view  of  how 
a  TMD  might  be  required  to  interact  with  most  engineering  structures.  The  requirements  on  the 
control  algorithm  are  really  quite  severe.  Restricting  the  algorithm  to  making  only  response 
measurements  under  unknown  excitation  conditions  effectively  rules  out  tuning  algorithms 
based  on  estimating  the  current  natural  frequency  of  tfie  structure. 

Eventually,  one  practical  assumption  had  to  be  made.  Because  viscoelastics  have  a  limited  range 
0  ver  which  their  stiffness  car  change  by  applying  heat,  the  TMD  obviously  cannot  be  tuned  over 
an  arbitrarily  large  range.  Thv;reforc,  we  levied  the  requirement  that  the  mode  to  be  damped  had 
to  always  remain  in  the  operating  range  of  the  TMD. 

2.  SYSIEM  MODEL 

The  physical  system  used  to  derive  the  controller  is  shown  in  Figure  1.  An  accelerometer  is 
attached  to  the  base  structure  at  the  point  where  the  TMD  is  attached  to  the  base  structure  A 
second  acce  lerometer  is  attached  to  the  moving  mass  of  the  TMD.  A  thermocouple  measures  the 
temperature  of  the  VEM  in  the  FMD.  A  resistive,  ribbon  heater  is  embedded  in  the  VEM.  The 
box  around  the  VEM,  thermocouple,  and  heater  is  intended  to  convey  the  idea  that  the  elastic 
.and  lossy  components  of  the  TMD  ate  affected  by  the  heater.  This  model  contains  all  of  the 
physical  parameters  that  we  are  allowed  (by  the  constraints  enumerated  above)  to  measure  or 
control. 

3  TUNING  ALGORITHM 

The  tuning  .scheme  arises  from  the  curves  shown  in  Figure  2  .  The  curves  labeled  “Base"  and 
‘TMD’’  represent  the  RMS  response  to  broad-band  excitation  of  the  base  structure  at  the  first 
accelerometer  and  the  moving  mass  of  the  TMD  when  the  VEM  complex  stiffness  varies  over 
the  limits  shown.  (The  loss  factor  of  the  VEM  is  assumed  to  be  constant  over  this  range.)  This 
figure  com:-  from  solving  the  equations  of 
motion  fer  the  system  of  Figure  1.  The 
curve  labeled  “ratio”  is  simply  the  numeri¬ 
cal  ratio  of  the  TMD  RMS  response  to  the 
Ba,se  RMS  response.  What  is  significant 
about  this  figure  is  that  it  shows  that  the 
maximum  value  of  the  RMS  ratio  occurs  at 
the  same  TMD  stiffness  that  produces  the 
minimum  base  response.  The  minimum 
TMD  response  occurs  at  a  significantly 
different  stiffness. 


This  is  believed  to  be  a  new  result  and 
represents  the  major  step  in  constructing 
self-tuning  TMDs.  We  now  have  a  funda¬ 
mental  esum.ator  for  determining  if  a  TMD 
is  tuned. 


Figure  1.  Schematic  of  the  base  structure,  TMD, 
sensors,  and  controller. 
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4.  CONTROLLER 

By  exploiting  this  function  we  were 
able  to  derive  a  controller  that  automati¬ 
cally  and  robustly  tracks  the  underlying 
structure’s  dynamics  and  produces  mini¬ 
mum  response. 


It  needs  to  be  kept  in  mind  that  the  RMS 
ratio  curve  in  Figure  2  can  change  with 
time.  The  change  can  be  both  in  terms  of 
where  the  maximum  occurs  (in  terms  of 
TMD  stiffness  and  base  structure)  and 
the  value  of  the  ratio. 


This  approach  does  not  require  a  cali¬ 
brated  TMD,  i.e.,  the  exact  relation  be¬ 
tween  TMD  natural  frequency  and  VEM 
temperature  or  stiffness  and  VEM  tem¬ 
perature  need  not  be  known.  What  is 
known  is  that  the  natural  frequency  of  the  TMD  at  ambient  temperature  is  higher  than  the  upper 
limit  of  the  allowed  frequency  range  and  that  at  maximum  usable  temperature  the  TMD’s  natural 
frequency  is  lower  than  the  lower  limit  of  the  allowed  frequency  range.  In  other  words,  it  is 
known  that  the  TMD  can  change  its  natural  frequency  over  the  range  of  interest.  Furtheimore, 
the  TMD  stiffness  versus  temperature  and  loss  factor  versus  temperature  relations  are  not 
required  to  be  linear,  but  they  are  assumed  to  be  continuous. 

5.  CONCEPT  VALIDATION 

A  laboratory  test  .setup  was  used  to  prove  out  the  tuning  concept.  The  experiment  consisted  of 
a  test  structure,  a  thermally  controlled  TMD.  two  accelerometers,  and  a  control  computer,  with 
excitation  to  the  ba.se  structure  provided  by  an  electrodynamic  shaker. 

The  test  article  was  a  .square-.section  steel  beam  suspended  between  machinists  bookends  above 
a  thick,  steel  baseplate.  The  TMD  was  configured  as  a  cantilever  beam  attached  at  the  point  of 
maximum  deflection  of  the  test  article’s  first  bending  mode.  The  TMD  was  a  sandwich  of 
graphite -epoxy  facesheets  with  two  inner  sheets  of  Soundcoat  DYAD  606  VEM.  This  material 
was  u.sable  over  a  range  of  22°  C  to  43°  C.  The  .shear  modulus  changes  by  a  factor  of  .seven  over 
this  temperature  range.  The  two  VEM  sheets  .surrounded  a  MINCO  Thermofoil  re.sisti  ve  ribbon 
heater.  The  control  computer  was  a  Macintosh  Ilx  running  the  LabVIEW  acquisition/control 
program.  The  .shaker  was  driven  with  white  noi.se  of  various  levels. 

Several  te.st  configurations  were  run;  all  .succe.ssfully.  These  included  tune  from  start-up  and 
retune  after  an  abrupt  change  in  the  ba.se  .structure.  Ihe  controller  was  able  to  find,  track,  and 
optimally  damn  the  base  structure  in  all  ca.ses. 

5.1  Tuning  from  Start-up 

In  this  te.st  the  sy.stem  was  initiated  with  a  "cold”  TMD.  i.e..  the  TMD  was  initially  too  stiff  The 
controller  develops  an  estimate  of  the  RMS  re.spon.se  of  each  accelerometer  (base  structure  and 


Figure  2.  RMS  of  base  structure.  TMD,  and 
their  ratio. 
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TMD)  over  an  observation  interval.'  The  ratio  of  the  RMS  estimates  is  stored  and  the  first 
temperature  update  is  made.  It  was  known  that  the  TMD  had  to  be  initially  heated  in  order  to  tune. 
This  stems  from  designing  the  TMD  to  be  overly  stiff  at  room  temperature. 


Figure  3  .shows  the  development  of  the  RMS  ratio  with  time.  The  current  gain  on  the  TMD  heater 
was  purposely  set  low  to  allow  better  observation  of  the  process.  The  TMD  is  initially  .so  stiff 
(cold)  that  considerable  heating  is  required  to  effect  any  appreciable  change  in  .stiffness. 
Eventually  the  VEM  stiffne.ss  chiinges  enough  to  affect  the  RMS  ratio.  The  TMD’s  natural 
frequency  approaches  the  optimal  (not  shown)  and  the  controller  stabilizes  at  the  correct  level. 
Some  limit  cycling  is  evident  and  is  due  to  the  lack  of  insulation  on  the  TMD. 


5.2  Abrupt  Change  in  the  Base 

A  more  interesting  case  is  the  response  of 
an  already  tuned  TMD  to  an  abrupt  change 
in  the  base  structure's  dynamics.  The  test 
de.scribed  above  was  repeated  until  the  con¬ 
troller  achieved  the  optimal  tuning.  A  sig¬ 
nificant  weight  was  then  magnetically 
snapped  onto  the  base  structure.  Figure  4 
shows  the  development  of  the  RMS  ratio, 
with  the  abrupt  change  in  RMS  ratio  and 
the  retuning  noted.  The  controller  retuned 
and  achieved  optimal  damping. 

6.  CONCLUSIONS 


The  study  was  succe.ssful  in  demonstrating 
all  of  the  es.sential  aspects  of  the  .self-tuning 
TMD.  The  controller  could  find  and  track  a 
single  .structural  mode  and  produce  the  maxi¬ 
mum  system  damping  for  that  particular 
TMD.  The  u.se  of  the  RMS  ratio  as  the  basis 
for  the  tuning  control  has  been  shown  to  be 
essentially  correct  and  accurate  for  opti¬ 
mum  performance.  The  controller  is  ca¬ 
pable  of  tuning  when  the  base  structure  or 
TMD  fall  slightly  outside  the  assumed  tun¬ 
ing  range  or  when  the  RMS  detection  is 
degraded. 
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Thin-film  heaters  were  shown  to  be  ad¬ 
equate  tor  regulating  the  temperature  of  the 
VEM  as  dictated  by  the  control  system. 

This  type  of  heater  was  ideal  for  the  tuned 
beam  u.sed  in  this  experiment  since  the 
heater  could  be  embedded  in  the  VEM,  providing  uniform  temperature  regulation.  In  addition, 
the  heaters  can  be  custom-made  to  match  any  shape  VEM  surface. 


Figure  4.  Abrupt  change  in  ba,se  dynamics. 


'This  inlerval  was  picked  to  mtnunize  variance  in  the  RMS.  The  RMS  e.slimate  was  coasuitctcd  Ironi  the  integral 
of  the  magnitude  of  the  Founcr  transform  of  each  signal.  (Each  signal  wa.s  Hanning  weighted.) 
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Smart  polymeric  materials  for  active  camouflage 


Dr.  L.  J.  Buckley  and  Mr.  D.  Mohl 
Naval  Air  Development  Center 
Warminster,  PA  18974 


Abstract 

Segmented  polyurethanes  that  contain  the  diacetylene 
group  in  the  molecular  backbone  were  synthesized  and  studied 
as  potential  active  visual  camouflage  materials.  The 
diacetylene  groups  can  be  reacted  in  the  solid  state  to 
produce  a  chromic  material  that  will  change  its  absorption 
behavior  with  strain  or  temperature.  The  morphology  of 
these  materials  dictates  the  ultimate  length  of  the 
conjugated  polydiacetylene  structure  and  was  investigated 
with  small-angle  x-ray  scattering.  This  enabled  the 
selection  of  systems  that  were  well  phase  separated  with  a 
strong  chromic  effect.  The  structure  is  typically  lamellar 
and  highly  dependent  upon  processing.  In  addition  to  the 
adaptive  material,  the  active  camouflage  system  consists  of 
sensors  and  controls.  The  sensors  identify  the  ambient 
wavelengths  and  intensity  of  the  surroundings.  The 
controller  processes  the  information  from  the  sensors  and 
sends  signals  to  modify  color  and  intensity.  Various  sensor 
configurations  were  investigated. 


1.  INTRODUCTION 

Polyurethane  block  copolymers  containing  the  diacetylene 
group  in  the  hard  segment  v;ere  synthesized  and  studied  as 
potential  smart  materials  for  an  active  camouflage  system. 
The  diacetylene  group  is  a  highly  reactive  functionality 
that,  in  correct  solid-state  geometry,  can  be  topochemically 
polymerized  using  heat  or  radiation  into  a  fully  conjugated 
polymer  with  extensive  electron  delocalization  along  its 
main  chain  backbone  as  shown  previously  by  Wegner  (1970). 

It  is  possible  to  dynamically  modify  the  optical  properties 
of  these  materials  by  changes  in  temperature,  pressure,  or 
stress  (see,  for  example,  Rubner  (1986)).  Polyurethane- 
|(  )P  Piihlislimg  I  ul 
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diacetylene  block  copolymers  were  synthesized  via  a  two  step 
solution  polymerization  technique.  The  polyurethanes  have  a 
segmented  block  copolymer  structure  consisting  of 
crystalline  hard  domains  containing  the  diacetylenes  within 
soft  segment  amorphous  regions.  The  materials  varied  by 
type  of  hard  segment  and  soft  segment  molecular  weight.  The 
morphology  of  these  systems  depends  upon  many  factors  such 
as:  molecular  weight  of  the  soft  segments;  extent  of 
segmental  mixing  at  the  interface;  hard  domain  size;  and 
extent  of  phase  separation.  The  chromaticity  and  absorption 
shift  are  highly  dependent  upon  the  morphological  state  of 
the  polymer.  The  overall  objective  of  this  effort  was  to 
develop  materials  for  an  active  camouflage  system  that  is 
capable  of  changing  both,  color  and  intensity. 

2.  MATERIAL  CHARACTERIZATION 

UV-Visible  studies  were  performed  to  evaluate  the 
mechanochromic  and  thermochromic  nature  of  these  materials. 
The  change  in  absorption  behavior  was  quantified  for  each  of 
the  various  polyurethane  systems  investigated.  An  example 
is  shown  in  figure  1.  The  soluble  nature  of  these  materials 
before  forming  the  polydiacetylene  structure  enables 
efficient  deposition  as  a  coating. 


400MO<S0530M0e(XlE4OGe0 


WAVELENGTH  (nm) 

A— RT  B— 80C  C— 90C 

Fig.  1.  Thermochromic  Behavior  for  HDI-h,/'-2000  Material 
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The  small-angle  x-ray  scattering  studies  indicated  that  the 
solid-state  cross  polymerization  reaction  does  not 
significantly  affect  the  morphology  of  the 
polyurethane/diacetylene  materials.  From  the  Porod 
analysis,  relatively  sharp  interfaces  were  found  with  the 
HDI  systems  somewhat  sharper  than  their  MDI  counterparts. 
The  systems  were  ranked  according  to  degree  of  phase 
separation  and  the  trends  indicated  a  higher  soft  segment 
molecular  weight  improved  the  degree  of  phase  separation. 
Table  I  shows  the  relative  degree  of  phase  separation  as 
determined  by  the  ratio  of  Porod's  Invariant  to  the 
calculated  electron  density  variance.  This  analysis  is 
thoroughly  described  by  Tyagi,  McGrath,  and  Wilkes  (1986). 


Table  I.  Relative  Degree  of  Phase 

_ Sample 

MDI-5, 7-1000 
MDI-2 ,4-1000 
MDI-5, 7-2000 
HDI-5, 7-1000 
HDI-5, 7-2000 


Separation 

4eVAg^' 

0.111 
0.140 
0.154 
0. 184 
0.210 


3.  SENSOR  AND  CONTROL  SYSTEM 

In  addition  to  the  adaptive  material,  the  active  ca.  ouflage 
system  consists  of  sensors  and  controls.  The  sensors 
identify  the  ambient  wavelengths  and  intensity  of  the 
surroundings.  The  controller  processes  the  information  from 
the  sensors  and  sends  signals  to  modify  color  and  intensity. 
Various  sensor  configurations  were  investigated  such  as:  a 
diffraction  grating  with  photodetectors;  a  color  (CCD) 
camera;  primary  color  filters  with  photocells;  and  a  series 
of  narrow  bandpass  filters  with  silicon  photodetectors.  The 
sensor  outputs  are  fed  through  an  anolog  to  digital 
converter  into  the  microprocessor.  The  digital 
representation  for  the  output  voltage  at  each  wavelength 
will  be  stored  so  the  microprocessor  can  determine  the 
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spectral  response  for  an  unknown  background  and  modify  the 
material  accordingly.  The  narrow  bandpass  filters  with 
silicon  photodetectors  were  chosen  as  the  sensor  system  and 
data  is  compared  below  in  Figure  2  to  a  spectroradiameter 
for  colored  transparencies. 
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The  new  BLM  system:  self-assembling  bilayer  lipid  membranes 


H  T  Tien,  Z  Salamon,  D-L  Guo  and  A  Ottova-l.e i tmannova 

M';n!bfano  Biophysics  Lab  (Cilttieh  iiali),  Iiop.ir-tmer.':,  of  S‘hysio!ogy 
Michigan  State  Un.ivensity ,  East  Lansing,  MI  h882L 

ABSTRACT:  Supported  bi  layer  lipid  mi.'mbi'a'ios  is-BLMs;  w-’r-'  for-med  by  tne 
sc !  f-assomb !  y  method  on  freshly  fractured  rr.otaiiic  wires.  L^ho  infiuenoe 
of  a  host  of  compounds  in  membrane  forming  solutions  on.  s-BLMs  wer'O 
exam i nod  and  the  effect  of  pt!  on  th>'  i'unctioti  of  the  s-BlM  studied. 
Additionally,  the  redox  reactions  ot'  a  s-Bl.M  containing  v  i  ny  1  -  ferrocene 
■IS  an  eiect.’'ori  mediator  have  been  i  i,  vest  i  gated  by  cyclic  vo  i  tammetry  . 
ihc  results  have  shown  that  ferrocene  can  bo  very  easily  immob;  1  i;:ed  in 
s-!'L^ls.  This  suggests  that  s-BLM  systems  olTe,"  a  novel  approach  to  the 
■  .•■ctrode  modification  by  simple  way  of  immobilization  of  compound.--, 
w.thii;  BLM. 


1.  INTRODUCTION 

i'l.ariar-  ai  layer  lipid  membranes  ( BLMs )  and  spherical  liposomes  arc  widely 
used  as  realistic  models  of  biomembranes;  they  have  been  used  to  study  tne 
iTio:ecul.jr  basis  of  ion  selectivity,  membrane  transport,  energy 
tr  insduct  i  on  ,  electrical  ex i c i tab i 1 i ty  and  redox  reactions  (Blank  and 
Findi,  '987;  Yoshikawa  ot  al.,  ’987;  Ivanov,  1988;  Iiavison,  1989;  Gliozzi 
■Uid  hobello,  '989;  Mittal,  199'7:  Tseng,  ’991).  Owing  to  the  differences  in 
their  configuration  and  physical  dimensions,  the  electrical  pr-operties  of 
iipid  bilayers  can  be  readily  studied  in  BLMs  (Tien,  1979).  Advances  in 
mi  c!  O'- 1  ectron  i  cs  in  recent  years  coupled  with  gt-owing  interest  in 
b  1  i.i techno  1  ogy  have  prompted  many  researchers  to  exploit  the  BLM  system  as  a 
ba,.;!S  for  biosensors  as  well  .is  foi-  the  development  of  molecular  devices 
(Kri,.,,  ’987;  Tien,  1988;  Bruckner  et  al.,  1990;  Maeda  et  al.,  ’990; 

V.i .  .  et  on  ,  I991';  I  sh  1  1  ,  ’99';  Kato  and  Kunitake,  199';  Nakanishi,  199’; 

;j  ik.ish  1  m.i ,  ’99’;  .Schuhmarin  et  al.,  199').  Unfortunate  1  v  there  is  one 
probiem  associated  with  convent iona i  BLMs,  namely,  their  mechnical 
inutabi'.ty.  They  rarely  last  longer  than  a  few  hours.  The  new  BLM  system, 
di.icoveted  recently  and  described  here,  possesses  '  ri  contrast  to 
v-onvent  i  on  1 !  BLMs,  the  requisite  mechanical  stability  as  well  as  the 
desired  dyriamie  properties.  For  example,  the  s-BLM  system  offers  an 
approach  to  the  lipid  Di layer  modification  by  incorporating  a  variety  of 
novel  compounds.  In  this  paper,  after  briefly  describing  the  new  BLM 
system,  we  report  the  incorporation  of  a  ferrocene  compound  into  s-BLMs 
who-se  sensitivity  co  certain  redox  couples  has  been  investigated  by 
membrane  cyclic  voltammetry  (Tien.  1989;  ’98t). 

2.  EXPERIMENTAL 

Material  and  reagents.  A  number-  vjf  s-BLM  formirig  solutions  were  used 
pur  K  )|'  |>  ,h  y-  rc  I 


2!<  It  live  MtUcnals  and  Adap'nc  Sinu  liiiiw 

.iK  j.iJing  lec!tni;i,  glycerol  mono-  and  di-oleatc  dissolved  in  squalene.  In 
ciit,i;n  lipid  solutions  IJ  of  cholesterol  was  added  to  enhance  the 
slit'll  ity  of  s-BfMs.  In  most  experiments  either  Teflon-coated  stainless 
Sis'll  (SSi  wire  of  O.j  ™  diameter  or  platinum  (Pt)  wire  of  0.5  mm  was 
used.  For-  redox  reaction  experiments,  a  BLM-forming  solution  made  of 
g . veer o 1 -d 10 1 eate  (Cno)  dissolved  in  squalene  and  saturated  with 
V  1  s  V  .  -  i'erriscene  (Fc)  has  been  used.  For  ion  selectivity  and  specificity 
•  f  i  r:ents  ,  vaiinomyoin  (Sigma)  was  dissolved  in  a  CliO-squa  1  ene  solution 
Mien,  ’-17F).  Similar  solutions  wore  prepared  with  monensin,  gramicidin, 
iodine,  and  ICtJQ  (Tien,  1986).  All  chemical  compounds  were  obtained 
C'..tLmerc  1  a  1  1  y  and  were  used  without  further  purification.  Double-distilled 
wilor  was  is'M  in  the  preparation  of  all  solutions. 

'.d  s-BLM  formation.  I'he  procedure  described  previously  were  followed  (Tien 
and  Sa..imon,  '909).  Essentially,  one  end  of  tne  coated  wire  was  immersed 
int.i  a  lipid  mombr'ane- fornii r.g  solution,  as  then  cut  in  situ.  In  order  to 
acnievi’  r'oproduc i b  1  e  r-esults.  a  small  quiliotine  was  constructed  for  the 
cutting  procedure  (Martytuslii  and  Tien,  1991).  The  lipid-coated  wire  was 
trien  tr’.iiisf'errcd  into  ar  aqueous  solution.  After  approximately  1  minute  the 
potent..!,  was  adjusted  to  a  desir-ed  value.  After  another  minutes  the 
electrical  par'ametors  ( --  resistance.  Cm  =  capacitance)  were  monitored. 

Electrical  measurements.  Measurements  wore  made  using  an  IBM  instrument 
(Mode:  EC  225  Vo  1 lammetr i c  Analyxer)  in  either  the  two  or  three  electrode 
con*  igurut  ion.  in  the  former'  case  the  lipid-coated  SS  (or  Ft)  wire  was 
ult.tched  as  a  working  electrode  ar.d  the  saturated  calomel  electrode  (SCE) 

.11.1  ,1  reference  electrode.  Alternatively  a  three  electr-ode  configuration 
w.is  used,  with  a  ft  wire  serving  as  an  auxiliary  electrode. 

Cyclic  voltammetry  (CV)  of  membranes.  CV  is  a  familiar  technique  to 
e  1  ectrochom i sts  as  a  means  of  studying  r-edox  states  of  electrode-active 
species.  The  basics  of  CV  consist  of  cycling  the  potential  of  a  working 
electrode  (WE)  immersed  in  an  unstirred  solution  and  measuring  the 
resulting  our'rent,  i.  e.,  a  current-vol tage  curve  or  a  voi tammogram .  The 
potential  of  the  WE  is  maintained  relative  to  a  reference  electrode  (RE, 
eg.,  SCE--  saturated  calomel  electrode).  Frequently,  a  third  electrode, 
known  as  the  auxiliary  electrode  (AE),  is  used  if  the  current  is  large  (uA 
or  more)  in  order  to  prevent  RE  polarization,  which  could  cause  the 
measured  potential  to  change  (Heineman  and  Kissinger,  1989).  This  powerful 
and  elegant  CV  technique  was  applied  for  the  first  time  to  membrane  studies 
(Tien,  1984;  1986)  and  affords  a  highly  useful  method  for-  the  study  of 
e 1 octron-transfer  and  redox  reactions,  with  the  bilayer  lipid  membrane 
(Rl.M)  serving  as  the  working  electrode.  We  have  been  using  CV  to 
investigate  the  effects  of  redox  compound.s,  including  proteins  of  various 
types,  and  of  drugs  on  BLMs.  Recent  results  indicate  that  CV  coupled  with 
spectroscopy  studies  of  BLMs  can  give  important  information  concerning 
electron  transfer,  with  particular  relevance  to  the  membrane  processes  in 
neurons,  mitochondria,  and  chloroplasts  (Glenhurst  and  Niki,  1988).  We  have 
..sej  this  technique  in  studies  of  electron  transfer  from  cytochrome  c  to 
cytochrome  c  peroxidase  across  the  BLM.  Further,  it  has  been  demonstrated 
It. at  ('V  coupled  with  spectroscopy  is  potentially  a  very  powerful  tool  in 
tht-  study  o’  membrane-bound  cellular  processes,  r.ot  only  for  the 
del' rminat  ion  of  the  standard  E°'  but  also  for  obtaining  new  insight  into 
ih>  onergv'tics  ,ind  mechanism  of  the  process  (Tien, 1986;  Dav i son ,  1989 )  . 
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i,  RESULTS  AND  DISCUSSION 

Si!;L'i.'  tLt.'  t'iciJt  reports  ol'  b imo  1  eci; ! af  (&:aCK,  or  bilaya,!  )  lipid  membrane 
{  BLM 1  !  n  'Qt.d  (see  Tien,  for-  a  historic.!:  account)  its  potential  use 

.'i.s  !  biosor  aor  ha.s  been  pr-op.ost'd  i  Ivanov,  1 988  )  .  The  main  argument  is  that 
'.he  :ip;j  b;  layer-  would  pr-ovrde  a  r..i  t-.r-.r  i  er.v ;  r-oriment  for  ion  and  electron 
L-arr  !  er'S ,  pnotodctlvo  compounds,  r-''e'--ptors ,  meiTibr-ane-bouiid  ei.i^ymes,  etc. 
Meiice  t  would  be  oi  potent  1. 1.  n,  d  ;  ■o-sr-nsor-  te-ehnoiogy  (Tier;,  1988). 


KIG.  1  The  cyclic  vol tamnograni  of  a  GDO  ♦  Fc  s-BLM  on  Pt  wire  at  100  mV/s, 

ieus  tar-,  1  t  ro:  i  y  fiinctioning  lipid  b  i  layer-based  biosensor,  however-,  has 
v  t  1  >  be  Jn'veloped.  This  is  most  likely  owing  to  the  inherent  instability 
r,''  ’  n,  cor  v<-nt  tons !  HLM  system  which  is  sensitive  to  a  number  of  factors 
such  is  iiyJrostaLic  pressure,  boundary  effects  at  the  Plateau-G  i  bbs  boi  dot  , 
d.ioccti  ic  br<.’,akdowri ,  surface  contamination.  Recently,  the  feasibility  of 
jpid  bil.ayer-  using  materials  other-  than  phospholipids  has  been 
demonstrated  (Kato  and  Kurritake,  199’)  and  single  and  mul  t  i  layer’-based 
sensors  have  been  successfully  attempted  (Zviman  and  Tien,  1991).  Further-, 
a  boost  iri  the  stability  of  BLMs  has  been  recently  achieved  by 
so i f-assemb ! i ng  the  RLK  on  a  solid  support,  as  reported  elsewhere  (Tien, 
'991';  Martynski  and  Tien,  ’Q91).  This  new  method  of  a  bilayer  formation 
scoves  two  basic  obstacles  in  the  way  of  the  practical  utilization  of  BLM 
sttnotures,  namely;  (i)  its  stability  and,  (li)  its  compatibility  with  a 
si.cidar-d  m  i  croe  1  ec  t  r-un  i  c  technology.  Here  a  self-assembly  of  amphipathic 
.icuies  into  a  bi  layer,  on  a  freshly  cut  metal  surface  takes  place.  This 
ibi  roves  the  stability  of  the  system  bv  orders  of  magnitude.  This 
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..rratnir,  at.t 'jeture  5  nrn),  being  biomembfane-i  ike,  should  greatly 
:  icilitate  in  the  deveiopment  of  BLM-based  biosensors  and  molecular 
iU  vices.  I'rcviously,  we  have  discussed  the  main  properties  of  the  s-BLMs 
\  i :cn,  1990)  and  also  the  role  of  a  film  thickness  on  the  efficiency  of  an 
I  actron  transfer  process  occurring  in  such  a  system  (Ivanov,  1989).  Among 
them  the  use  of  the  s-BLMs  in  the  field  of  ion-  and  enzyme-selective 
sen.sors  seems  to  be  most  promising  (Tien,  1990).  This  is  so  because  various 
•  ' !  eotrode-act  i  ve  compounds  can  be  simply  immobilized  within  a  s-BLM.  We 
have  already  started  to  verify  experimentally  the  advantages  of  the  s-BLM 
■system  iisirig  differoi'.t  chemical  mediators  (Wardak  and  Tien,  1990;  Zviman 
ih.i  Tier:,  1991).  This  communication  describes  that  such  a  useful  electron 
mod !  i'ler  ..s  ferrocerre  can  easily  be  immobilized  in  a  s-BLM  system  using  a 
('iatinuni  wire  subst,ra^e.  The  results  show  enhanced  sensitivity  of  the 
system  to  Fe(CN>g”^  '  ions.  It  should  be  mentioned  in  passing  that  bare 
itid  freshly  cut  .S.S  wires  used  for  s-BLMs  are  sensitive  to  hydrogen  ions,  ir: 
: -i  r  .H.'u'c  1-3,  rjeariy  theoretical  .Mernst  slopes  .have  been  obtained, 


fig.  ?  The  cyclic  voltanmograms  of  the  system  presented  in  Pig.  1. 


i.s  in  alKa.ine  pll  (8  to  Ik. 9)  oniy  30  mV  per  pH  unit  was  seen.  It  has 
been  found  that  va  1  i nomyc i n-deped  s-BLMs  were  sensitive  to  K’*'  ion 


:  :.:t' I  h  1 1  i  ng  linear  response  in  the  concerntration  range  10*-^  to  10 
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process  of  a  HLM  formation  which  usually  takes  a  few  minutes  to  be 
.'ompucted  was  monitored  by  measuring  a  membrane  resistance  and  capacitance. 
Mj  ins  been  shown  previously  the  time-change  of  both  parameters  of  a  lipid 
layer  deposited  on  a  surface  of  the  platinum  wire  is  very  similar  to  that 
observed  with  a  conventional  single  BLM  (Tien,  1979;  Martynski  and  Tien, 
'99’).  These  findings  indicate  that  the  resistance  decreases  over  the  time 
. ‘  thinning  crocess  reaching  a  constant  value  of  the  order  10^-10^  ohm  cm^ 


Sniiirt  Malci  ill/s  / 


31 


fof  different  BLM  for'ming  solutions,  whereas  the  capacitance  increases  up 
to  0. 5-1.0  uF  cm"'^.  Additionally,  the  cyclic  vol  tammograms  of  s-BLMs 
modified  with  a  vinyl-  ferrocene  were  obtained.  Fig.  1  shows  a  typical 
cyclic  VO  I tanmogram  of  a  Pt-supported  (GDO  +  Fc)  bi layer  in  0. 1  M  KCl 
bathing  solution  at  a  scan  r-ate  of  100  mV/s.  Form  this  graph  it  can  be 
clearly  seen  the  redox  peaks  corresponding  to  essentially  reversible  redox 
process  of  the  ferroceno-ferr i cinium  couple.  Figure  2  illustrates  the 
changes  in  both  a  shape  and  a  position  of  the  redox  peaks  of  the  (GDO  +  Fc) 
bi layer  (curve  1)  after  the  addition  into  the  bathing  solution  500  uM 
(curve  2)  of  K3[Fe(CN)^i.  The  presence  of  the  Fe(CN)g"3'"  ions  shifts  both 
(leaks  towards  less  positive  values  of  potential,  however  a  magnitude  of  the 
sh;ft  is  dit'ferent.  The  reduct ijOn^^peak  shift  is  much  more  pronounced  and  it 
be 


ca' 


related  to  the  Fe(CN)(, 


concentration  in  a  bathing  solution. 


'ills  concentration  dependent  shift  of  the  reduction  peak  is  presentt’d  ,  i  n 
l.ibi'-.'  '.  It  can  be  seen  a  good  linear  relationship  in  the  FelCN)^"^ 


Tab  1 c  1 

.  Voltage  peak  separation 

in  a  s-BLM  doped 

with  vinyl  ferrocene. 

Peak  pos 

it  ions  (mVi 

.  t -  l; ^  r'.'j  :l'.' 

iLi thing  solution 

Heduct ion 

Ox idat ion 

W i thout 

Fe(CM) 

240 

310 

,.  w  i  1  ri 

y. 

With  0.5  mM 
K3[Fe(CN)5i 

125 

305 

Pt 

With  0.5  mM 

Kj! Fe(CN)e  1 

195 

255 

cu: icent ra t  i ori  range  up  to  about  5  mM.  Fr'om  this  figure  one  can  also  sec 
that  f't  electrode  with  a  (GDO  +  Fc)  bilayer  deposited  on  its  surface  senses 
Fe(  f.fl  “  ions  present  in  the  bathing  solution  at  the  concentration  as 
luw  as  in  the  range  of  10”  M.  Although  the  same  size  of  a  bare  Ft  wire 
coated  with  Teflon  but  without  a  BLM  deposited  on  its  surface  shows  much 
mor-o  reversible  CV  signal  (voltage  separation  between  peaks  is  only  60  mV  - 
see  Table  1)  the  lowest  detectable  amount  of  Fe(CN)  is  however  almost  two 
orders  lower  (-  5  x  10”°  M).Such  results  clearly  indicate  that  the  presence 
of  a  GUO  +  Fc  bi layer  on  the  surface  of  a  Pt  wire  modifies  platinum 
electrode  behavior  on  Fe(CN)5"^^”  ions  increasing  significantly  its 
sensitivity  and  changing  both  the  peak  potentials  and  their  shapes.  This 
specific  modification  of  the  surface  of  a  platinum  wire  can  also  be  seen  in 
the  position  of  the  redox  peaks.  Table  1  shows  a  comparison  of  peak 
positions  between  a  bare  platinum  electrode  and  the  same  platinum  electrode 
coated  with  a  GDO  Fc  biiayer  in  a  bathing  solution  with  5  x  10”^  M 
K^[Fe{CN)5l.  Although  in  order  to  understand  the  mechanism  of  interaction 
between  Pt  supported  (GDO  +  Fc)  electrode  and  ferro-/ferricyanide  ions, 
additional  experimental  results  are  necessary.  The  present  findings 
indicate  a  possible  way  of  using  such  type  of  the  BLM  system  for  a  simple 
detection  of  the  Fe(CN)5  ions  in  the  aqueous  solutions.  Although  the 
experiments  reported  here  are  preliminary,  the  results  suggest  the 
possibility  of  advantageously  using  s-BLM  as  a  biosensor  by  reason  of  its 
inexpensive  and  simple  construction.  The  lipid  bilayer  of  s-BLMs,  as  ideal 
environment  for  electroactive  compounds,  would  therefore  permit  the 
construction  of  an  amperometric  sensor. 
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l  i'iaily,  It  IS  worth  noting  that  s-BLMs  with  millimeter  to  micrometer 
Cimensions  have  other  attributes;  they  are  essentially  microelectrodes.  As 
:;'i(;h,  s-BLMs  can  be  readily  developed  for  a  variety  of  practical 
ipp I  1  cat  ions .  It  seems  highly  likely  that  the  new  method  for 
self-assembling  BLM  on  solid  support,  like  its  predecessor,  will  have  an 
impact  on  lipid  b  i  1 ayer-based  research  in  the  years  to  come. 
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Controlled  formation  and  properties  of  responsive  polymers 
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The  design  of  'smart  materials'  that  show  both  a  controlled  structure  and  a  specific  response  to 
exogenous  chemicals  is  an  imponant  goal.  We  are  presently  taking  two  approaches  to  this  problem, 
both  centered  on  the  use  of  non-covalent  interactions  to  form  the  structural  foundation  of  the  material 
and  to  provide  the  origin  of  its  specific  response. 

1  A  Three-Dimensional  Gel 

The  first  system  studied  is  commonly  known  as  'slime'  and  consists  of  aqueous  sodium 
tetraborate  and  polyvinyl  alcohol  (PVA)  in  a  weakly  ba.sic  solution.  The  tetrahedral  borate  ion 
complexes  with  PVA  in  such  a  way  as  to  create  a  three-dimensional  network.  The  solvent  is  mainly 
immobilized  in  the  network  when  the  concentration  of  crosslinked  chains  is  high,  and  a  semisolid  gel 
is  produced.  Tlie  physical  propeniesof  the  borate  gels  -  solubility  in  water,  deformation  with  shear 
stress,  thermal  reversibility  of  crosslinks  -  indicate  that  the  bonds  must  form,  break,  and  reform 
readily.  Thus,  hydrogen  bc'nding  rather  than  covalent  bonding  is  likely’"^: 

,  H  H  . 

y-oH  o-H  •••  Q  0-11  •••  6-r 

?  <’  -  B(OH)  j-  -» B-  .  • 

-—OH  _'w  o  •••  H-0^  o  •••  ll-O 

^  H  II 

rvA  I 

We  have  carried  out  an  investigation  of  the  phase  diagram  of  this  system  at  low  borate 
concentration.  Figure  1  shows  changes  in  vi.scosity  with  borate  concentration  at  different 
concentrations  of  PVA  (recorded  as  diol  concentration).  Viscosity  of  the  gel  is  dependent  on  the 
extent  of  borate  crosslinking  of  the  PVA.  Because  not  all  of  the  borate  may  bind  with  the  polymer, 
we  are  pre.sently  performing  experiments  to  determine  the  relationship  between  viscosity  and  the 
number  of  crosslinks.  The  plot  also  shows  that  diol  concentration  is  a  factor  in  gel  viscosity.  It  is 
possible  that  chain  tangling  accounts  for  the  viscosity  at  low  polymer  concentrations,  i.e.  borate 
causes  predominantly  intramolecular  crosslinks.  At  higher  PVA  concentrations,  intermolecular 

crosslinking  effectively  increases  the  polymer  molecular  weight  and  a  more  viscous  gel  results.  t 
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Fig. 


Viscosity  as  a  function 
of  borate  concentration. 
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The  [iiaterial  properties  of  the  system  depend  on  tlie  activity  of  the  borate  which  can  be 
controlled  with  low  molecular  weight  alcohols  having  a  cis  -1,2  ora's  -  1,3  configuration' The 
tidiied  alcohol  indirectly  influences  the  material  properties  by  preferentially  forming  covalent  borate 
complexes.  T4ie  result  is  a  reduction  in  the  extent  of  crosslinking  and  a  corresponding  decrease  in 
viscosity. 

The  effect  of  eenain  polyols  on  the  I’VA-borate  svstem  leads  to  interesting  applications.  We 
htive  tested  its  potential  as  a  chemical  valve  by  plugging  a  pipette  tip  with  a  concentrated  gel  and 
immersing  it  in  various  alcohol  .^()lullons.  Ta  1  lists  the  observations  which  are  consistent  with 
existing  hypotheses.  Complexatitm  appears  to  be  more  favorable  with  ,icyclic  molecules  such  as 
mannitol^-'f  ,\nd  in  aqueous  stilutions  fr.ictose  is  present  mainly  in  he  more  flexible  acyclic  fomt. 

Table  1  Dilution  Time  for  Gnl  Malnrial  Immnrsftd  in  0.1  M  Polvol  Solutions  fbiifforfid.  pH  101 


Polvol 

Time 

Observations 

Mannitol 

to  minutes 

Swelling,  almost  complete  dissolution 

Fructose 

10  minutes 

Swelfng.  almost  complete  dissolution 

Sucrose 

Did  not  dissolve 

Some  swelling 

Glucose 

Did  not  dissolve 

Some  swelling 

C.anpQJ 

Bicarbonate  buffer 

Did  not  dissove 

Some  swelling 

2  Dirccled  Hydrogen  Konding  fnleractions 


In  the  ptist  several  years  we  have  published  exter..>ively  in  the  area  of  molecular  recognition.'"  Our 
primary  approach  has  been  to  use  directed  hydrogen  bonding  interactions  to  control  both  the  strength 
ami  selectivity  of  substrate  binding.  This  has  led  to  tuiificial  receptors  for  many  important  molecules 
including  amino  acids' barbiturates'",  diacais’-'  and  the  diffc.ent  nucleotide  ba.scs.*'^  More  recently 
we  have  demonstrated  that  high  energy  intemiediatcs  or  transition  state  species  can  be  recognized  a.'  1 
sitihilized  by  synthetic  receptors  leading  to  accelerations  in  reaction  rates.'^  The  information  and 
experience  we  have  gained  in  these  general  studies  fomi  the  basis  of  our  approac  h  to  self-assembling 
organic  stnictures.  We  have  made  good  progress  to  show  that  the  choice  of  complementary  hydronen 
bonding  interactions  to  direct  the  assembly  of  defined  molecuhir  aggregates  i ;  a  valid  one. 

2.1  Functional  Organization  of  Multichromophorc  Structures 

We  have  used  the  barbituratc/receptor  interaction'"  to  achieve  the  linear  organization  of  two 
chromophores.  This  approach  allows  the  formation  of fi.xtional aggregates  in  which  properties  exist 
ih.it  are  not  present  in  the  isolated  components  (Figure  2).  Porphyrin  barbiturate  3  and  dansvl  n  ccp'or 

ET 


4  contain  complementary  binding  regions  and  come  together  to  fomi  hexahydrogen  bc'nding  complex 
5,  which  positions  the  two  vhromerphores  ~23A  apart.  A  .series  of  'H  NMR,  and  static  and  dynamic 
nuoresccnee  quenching  experiments"’  c  ■nfirm  the  self-assembly  of  ano  energv  transfer 
communication  betw  ■  en  the  two  chromr>,d’''res  even  at  concentrations  as  low  as  10  '’  M.  The  idea  of 
preprogrammed  molecules  (due  to  their  hydrogen  bonding  complementtirity)  .self-assembling  into 
defined  linear  aggregates  with  unu'irectional  fiow  of  energy  or  electrons  is  a  powerful  one  that  has  a 
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clear  analogy  in  the  photosynthetic  reaction  center'^  as  well  as  potential  applications  in  photoactive 
materials  and  molecular  electronics'*^.  Recent  results  have  shown  that  the  dansyl  in  4  can  be 
substituted  by  a  quinone  and  that  photoinduced  electron  transfer  between  the  self-assembled  subunits 
can  occur."'  We  have  also  demonstrated,  with  a  ferrocene-linked  double  receptor,  that  an  extended 
tris-chromophore  aggregtite  of  type  6  can  also  be  formed  in  solution.  A  critical  feature  of  these 
designs  (developed  further  below)  is  the  relative  positioning  of  the  redox  partners  as  well  as  the 
strong  binding  (Ka  >  M'*)  which  allows  significant  as.sociation  of  equimoku-  .solutions  even  at 

low  concentration. 
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2.2  Polymeric  .Aggregation 

In  the  rational  design  of  solid  state  structures,  directed  hydrogen  bonding  interactions  can  be 
used  to  control  the  orientation,  shape  and  constitution  of  the  polymeric  aggregates.  In  the  past  year 
s\e,  and  others-’-"'-'’  have  developed  specific  motifs  that  lead,  with  some  reliability,  to  predictable 
structures. 

2.2.1  Rased  on  Hvdroiicn  Bonded  Ribbons 


Protonation  of  diacylaminopyridinc  7  with  diarylphosphoric  acid  causes  a  1 80°  rotation 
around  the  C-N  bond  and  fonnation  of  two  intramolecular  hydrogen  bonds  between  the  pyndinium- 
NH  and  CO  groups.  This  directs  the  amide-NI  1  groups  outward  to  form  two  intemiolecukar  H-bonds 
xith  bridging  diarylphosphates.  The  resultant  «x,'rystal  takes  up  a  ribbon  structure  with  the 
pyridinium-phosphate  hydrogen  bond  network  at  its  core  (Figure  3).^"  This  ordered  arrangement 
leads  to  a  segregation  of  anions  and  cations  to  opposite  sides  of  the  ribbon  and  recurs  with  other 
phosphate  components  including  chiral  binaphthyl  phosphates.-" 
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The  common  translational  H-bonded  packing  of  diamides^^  can  be  induced  to  interpose  a 
second  component  by  incorporating  strong  bidentate  interactions  between  the  crystal  partners.  We 
hav  e  shown  that  the  2-acylaminopyridine/carboxylic  acid  pair  provides  a  stronger  interaction  than  the 
single  hydrogen  bond  between  simple  diamides  and  ean  lead  to  polymeric  aggregates  as  in  figure  4. 


Figure  4 

'I  his  represents  an  elongated  molecular  sheet  whose  dimensions  are  imposed  by  the  hydrogen 
bonding  network  and  the  relative  sire  match  of  the  alternating  components.  Figure  5  shows  the 
complex  formed  between  biphenyldiamide  8  and  1,12-dodecanedicarboxyUc  acid.  An  almost  flat 
sheet  structure  is  taken  up  with  a  73”  slip  or  tilt  angle  between  the  polymethylene  chains  and  the 
horizontal  (defined  by  a  line  drawn  through  the  pyridine-N  atoms).  This  H-bonding  motif  is  dominant 
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and  is  retained  despite  changes  in  size  of  the  molecuhu' component.s.  Indeed,  the  extent  of  the  slip 
angle  can  be  varied  in  a  systematic  and  predictable  way  by  changing  the  size  matching  of  the  diamide 
and  diacid.  Shonening  the  diamide  spacer  from  biphenyl  to  naphthyl  (  ~2.2A  shorter)  leads  to  a 
decrease  in  the  slip  angle  to  60”  (  Figure  6).  A  subsequent  shortening  of  the  diacid  to  1,8-octane  di- 
carboxylic  acid  incrca.ses  the  slip  angle  to  the  point  where  the  two  subunits  are  well-matched  and  the 
angle  is  -90°  (  Figure  7).  In  this  work  we  have  identified  a  recurring  hydrogen  bond  packing  pattern 
that  survives  changes  in  the  component  structure.  Such  persistent  motifs  can  form  the  basis  of  a  wide 
range  of  functional  and  redox  active  polymeric  aggregates. 


Figure  6 


Figure  7 
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2.2.3  Based  on  Hydrogen  Bonded  Helices 

The  bis-amide  9  formed  from  2-aminopicoline  and  isophthalic  acid  is  also  expected  to  form 
polymeric  aggregates  with  dicarboxylic  acids  of  the  types  similar  to  that  seen  in  Figures  5-7. 
However,  when  9  takes  a  convergent  conformation  of  the  two  aminopyridines  (as  shown)  two 
carboxylic  acids  can  only  bind  in  a  non-planar  or  helical  manner  (as  shown  in  10).Propagation  of  this 
arrangement  would  lead  to  an  extended,  self-assembled  helix.  The  complex  between  9  and  pimelic 
acid  shows  precisely  this  remarkable  structure.  A  helix  is  formed  composed  of  alternating 


receptor-diacid  components  (Figure  8).  Each  molecules  of  9  stacks  parallel  to  the  one  above  and  the 
one  below  with  an  interplane  distance  almost  8A.  A  critical  stabilizing  feature  in  the  crystal  is  the 
intercalation  of  the  isophthaloyl  rings  of  one  helix  into  the  space  between  the  receptors  in  a  second 
helix.  This  intercalation  can  only  occur  if  there  is  sufficient  distance  between  the  isophthaloyl  planes. 
The  interplane  distance  will  be  controlled  by  the  length  of  the  diacid  and  shortening  the  diacid  should 
eliminate  the  possibility  of  intercalation  stabilization  of  the  crystal.  Figure  9  shows  the  crystal 
structure  of  the  complex  between  9  and  glutaric  acid.  A  'squashed'  helix  structure  is  taken  up  with 
rotation  of  one  C-CO  bond  by  1 SIF  to  form  a  more  plantu’  arrangement  capable  of  stacking  between 
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Three-dimensional  phase-strain  model  for  embedded  optical  fiber  sensors: 
experimental  verification  and  applications  to  different  sensor  types 


J.  S.  Sirkis 

University  of  Maryland,  Department  of  Mechanical  Engineering.  College  Park, 
Maryland  20742,  301-405-5265 


ABSTRACT:  This  paper  describes  a  generalized  approach  to  modeling  the 

phase  change  in  interferometric  optical  fiber  sensors  as  a  function  of 
applied  strain  and  temperature  fields.  The  model  is  combined  with  theory 
of  elasticity  solutions  transversely  isotropic  host  materials  to  show  how 
the  new  model  is  different  from  the  classic  Butter  and  Hockei  approach. 

Experiments  verify  the  new'  model  approach. 

INTRODUCTION 

This  paper  describes  a  generalized  approach  to  modeling  the  phase  change  in 
interferometric  optical  fiber  sensors  as  function  of  applied  strain  and 
temperature  fields,  fhe  general  approach  is  then  applied  to  Mach-Zehnder, 
Michelson,  intrinsic  and  extrinsic  Fabry-Perot.  polarimetric,  dual-mode  and 
Bragg  grating  optical  fiber  sensors.  The  models  for  these  sensors  are  tlien 
combined  with  theory  of  elasticity  solutions  for  thermomechanical  loading  o? 
both  isotropic  and  transversely  isotropic  host  materials.  The  predictions  of 
the  unified  model  are  compared  to  those  of  the  Butter  an4  Mocker  approach  to 
illustrate  the  basic  rliffeiences  between  the  two  when  they  are  applied  to 

embedded  sensors.  It  is  shown  that  all  sensor  types,  with  the  exception  of 

extrinsic  Fabry-Perot  sensors,  have  significant  dependence  on  transverse 

strains,  and  that  in  many  load  cases  the  transverse  strain  dominates  the 
sensor's  output.  In  the  process  of  applying  the  unified  theory,  new  physical 
models  for  polarimetric  and  Bragg  grating  sensors  are  developed,  the  concept 
of  optical  fiber  senor  sensitivity  is  redefined,  and  the  question  of  w'hat 
exactly  embedded  optic.'il  fiber  sensors  are  measuring  is  addressed. 
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UNIFIED  MODEL 

While  it  is  not  feasible  to  present  a  detailed  development  of  the  model 
under  the  page  constraints  of  this  manuscript,  it  is  possible  to  explain  the 
basic  features  of  the  unified  model,  and  how  it  differs  from  the  Butter  and 

Hockei-  approach.  The  unified  development  provides  a  method  for  deriving  the 
phase-strain-temperature  relations  for  any  interferometric  optical  fiber 
sensor.  In  all  cases  the  phase  change  is  a  function  of  a  linear  combination 
of  the  three  pi'inciple  strains  and  the  temperature  all  integrated  along  the 
sensing  section  of  the  optical  fiber.  This  means  that  the  sensor  responds  to 
both  axial  and  ti'ansverse  strains  transferred  from  the  host  to  the  fiber.  The 
Butter  and  Hocker  [nodel  assumes  that  the  transverse  strains  are  simply  Poisson 
contractions.  This  is  true  for  surface  mounted  sensors  but  not  for  embedded 
sensors.  When  the  fiber  is  embedded,  it  interacts  with  the  host  material  to 
determine  the  strain  state  in  the  fiber  (and  in  the  host).  The  strain  in  the 
fiber  is  a  complicated  function  of  the  fiber  and  host  material  properties. 
The  Butter  and  Hocker  approach  assumes  that  the  strain  state  in  the  fiber  is 
only  a  function  of  the  fiber  material  properties.  To  illustrate  the 

differences  between  these  tv-,  modeling  approaches  consider  a  Mach-Zehnder 
fiber  sensor  embedded  in  the  following  host  composite  materials:  1)  Plane 

strain  subjected  to  a  uniform  temperatu'-e  distribution  (Fig.  II.  Z)  Plane 
strain  subjected  to  radial  compressive  stress  in  the  far  field  (Fig.  2),  J) 
(..eneralized  plane  strain  uniaxial  tension  with  a  knowti  axial  sti'ain  (Fig.  3), 
4)  Case  2.  under  the  generalized  plane  strain  assumption,  51  (.ieneralized  plane 
strain  subjected  to  transverse  tension  (Fig.  4).  In  all  i.ases  the  fiber 

sensor  path  is  straight  and  parallel  to  the  reinforcing  fibers,  the  fiber  is 
uncoated,  and  the  reference  fiber  is  unstrained.  The  first  two  load  cases  are 
chosen  to  illustrate  the  worst  case  scenario  (plane  strain)  for  both  theinial 
and  mechanical  loading.  The  third  case  is  chosen  to  show  that  sonietimes  the 
unified  and  Butter  and  Hocker  phase-change  models  can  give  similar-  results, 
and  also  because  it  is  a  common  specimen  used  to  test  str  rr  tural  ly  embedded 
optical  fiber  sensors.  The  final  two  cases  were  chosen  since  the  generalized 

plane  strain  scenario  is  more  realistic  for  optical  fiber  sensors.  The  last 

case,  in  particular,  is  illustrative  because  the  loading  is  rrot  axisymniet  ric . 
Data  is  shown  only  for  the  Mach-Zehnder  sertsor  but  the  response  i.T  intrinsic 
Fabry-Perot,  Michelson,  and  Bragg  grating  sensors  can  be  inferred  ‘rorn  the 
Mach-Zehnder  sensor  data  since  its  reference  fiber  is  unstrained.  Table  1 

shows  the  relative  error  between  the  two  phase  change  approaches  for  the 
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Mach-Zehnder  (MZ),  Polarimetric  (P).  dual-mode  (DM),  and  extrinsic  Kabry-Perot 
(EFP).  Relative  ert  or  is  defined  as  100x( unified  model  -  Butter  and  Hocker 
model  l/unified  mode!. 

I  be  most  str  iking  r  esult  in  Table  1  is  that  the  extrinsic  I  abi'V-Pei  ot  sens'.ir 

yields  the  same  result  whether  it  is  surface  mounted  or  embedded  as  attested 

to  by  the  ^tero  error  between  the  unified  approach  and  B'ltter  and  Hooker 

models.  Recall  that  Butter  and  Mocker's  approach  is  analogous  to  assuming  the 
sensor  is  surd  ace  mounted.  The  phase  sensitivities  for  '  ase  3  are  unique  in 
that  I'otti  phas'  -i  h  urge  models  yield  very  similar  or  identical  results  for  all 

of  the  serrso!  s. 


I  I  l.CSh  (.\ 

unified  ajipri.j,i<. h  to  phase-sti  ain-temperature  relationships  for  optic.al 
filler  sensors  Ims  be  presented.  This  aj.iproarh  is  valid  for  all 

intert  or  cimrti  ir  (iptnal  fiber  sensors  experiencing  arbitrary  strain  fields  and 

configured  in  arTiitraiy  geometric  paths.  The  unified  approach  fias  been 

applied  to  all  popular  sensor  types  and  has  been  compared  the  classic  Butter 
and  Hi.jcker  approach.  The  combination  the  phase-change  models  shows  that  in 
all  cases,  except  fi.r  the  extrinsic  Fabry-Perot  sensor,  th(.‘  Butter  and  Mocker 
model  leads  to  false  interpretation  of  the  embedded  sensor  data.  Experumenta! 
evidence  not  shown  in  this  manuscript  verifies  the  tlieoret  ical  findings. 


Figure  1. 


Figure  2. 
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Spatially  weighted  fiber  optic  sensors  for  smart  materials  and  structures 


K,  A.  Murphy,  B,  R.  Fogg  and  R.  O.  Claus,  Fiber  &  Electro-Optics 
Research  Center,  Bradley  Department  of  Electrical  Enginering, 

Virginia  Tech,  Blacksburg,  VA  24061  and  A.  M,  Vengsarkar,  AT&T  Bell 
Laboratories,  Murray  Hill,  NJ 

ABSTRACT:  Two-mode,  elliptical-core  optical  fibers  are 
demonstrated  in  weighted,  distributed  and  selective  mode 
filtering  applications  on  laboratory  structural  test  articles.  We 
demonstrate  the  use  of  tapered-sensitivity  two-mode  fiber 
sensors  and  the  performance  of  chirped  two-mode  fiber  gratings 
as  spatial  modal  sensors  for  structural  analysis. 

1.  INTRODUCTION 

Two-mode,  elliptical-core  (e-core)  optical  fibers  with  stable  output 
intensity  patterns  were  first  used  as  strain  gages  and  modal  filters 
in  1987  by  Shaw  and  co-workers.^ Murphy  et  at.  subsequently 
demonstrated  that  such  proposed  e-core  sensors  can  be  ruggedized, 
made  insensitive  to  external  environmental  perturbations  along  the 
lengths  of  the  lead-in  and  lead-out  fibers,  and  used  for  the  detection 
of  vibration  in  flexible  metal  and  composite  beams. ^  Vensarkar  et  at. 
extended  this  work  to  investigate  the  use  of  such  optical  fiber 
methods  specifically  for  the  weighted  spatial  analysis  of 
structures.^  This  paper  reviews  recent  results  in  light  of  those 
previous  two  contributions. 

2.  TWO-MODE  E-CORE  FIBER  SENSORS 

Two-mode,  e-core  "modal  domain"  fiber  sensors  have  been 
implemented  during  the  past  four  years  for  applications  requiring 
well  defined  gage  length  sensors  where  the  gage  length  is  several 
centimeters  to  many  meters  long.  The  fiber  sensor  operates  on  the 
principle  of  differential  phase  modulation  between  the  LPgi  and 
LP^^even  rnodes  and  consists  of  three  segments  of  different  fibers 
spliced  together. 3  An  e-core,  single-mode  fiber  is  used  as  the  lead- 
in  fiber,  a  two-mode  e-core  fiber  forms  the  sensing  section  and  a 
circular-core  multimode  fiber  acts  as  the  lead-out  fiber.  The  lead-in 
fiber  preserves  the  polarization  of  the  input  laser  signal  and  allows 
the  accurate  coupling  of  the  proper  input  signal  to  the  center  active 

I'W;  K  I’  ‘V  I 


44 


Arrive  Materiiils  cind  Aiktptive  Structures 


sensing  section.  The  sensing  section  allows  the  propagation  of  only 
two  modes  with  different  propagation  coefficients,  and  the 
interference  between  these  two  modal  fields  creates  a  beat 
interference  at  the  end  of  the  sensing  section.  A  circular-core 
multimode  fiber  is  spliced  to  the  sensing  section  and  transmits  a 
signal  proportional  to  the  strain  integrated  along  the  length  of  the 
sensing  section  to  output  detection  electronics. 

3.  WEIGHTED  FIBER  SENSING 

The  introduction  of  weighted  fiber  sensitivity  may  be  introduced 
along  the  length  of  the  sensing  section  of  the  fiber  using  several 
methods,  just  as  weighted  piezoelectric  film  sensors  may  be  shaped 
to  analyze  different  vibrational  modal  characteristics.^  The 
potential  use  of  weightings  in  fiber  sensors  for  such  applications  has 
been  considered  in  particular  by  Lindner  and  coworkers.® 

Effective  weighting  may  be  accomplished  by  one  of  three  methods. 
First,  the  optical  fiber  sensors  may  be  attached  to  the  test  structure 
in  particular  geometrical  patterns.  Analysis  indicates  that  the 
output  of  such  sensors  is  proportional  to  the  difference  in  the  slopes 
of  the  structure  at  the  endpoints  of  the  sensor.®  Thus,  sensors  may 
be  weighted  in  their  sensitivity  to  particular  structural  modes  by 
properly  placing  them  on  the  structure  to  be  interrogated.  For 
example,  the  data  shown  in  Figure  1  demonstrates  that  the 
appropriate  positioning  of  an  optical  fiber  sensor  on  a  vibrating  beam 
may  lead  to  appropriate  modal  filtering.  Here,  the  fiber  has  been 
placed  on  a  clamped-clamped  beam  in  such  a  way  that  the  second 
order  vibrational  mode  is  clearly  suppressed. 

Second,  the  sensitivity  of  the  fiber  may  be  modified  along  its  length 
in  such  a  way  that  output  signals  proportional  to  certain  vibrational 
modes  may  be  surpressed  with  respect  to  those  due  to  other 
vibrational  modes,  specifically  modes  with  particle  motion  profiles 
which  are  similar  to  the  weighting  profile  of  the  fiber.  Such  gradual 
fiber  sensitivity  weightings  may  be  achieved  by  longitudinally 
grading  the  V-number  of  the  fiber,  and  thus  modifying  the  modal 
propagation  constant  difference  along  the  fiber  sensor  length.  Figure 
2  shows  the  output  of  piezoelectric  and  tapered  optical  fiber  sensors 
for  vibration  in  a  clamped-clamped  beam;  note  the  suppression  of  the 
second  and  third  modes. 

Third,  gratings  may  be  written  along  the  length  of  fibers,  and  the 
spatial  periodicity  of  the  gratings  may  be  chirped  to  produce  a 
weighted  sensing  function  profile.  Figure  3  shows  the  output  of  a 
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Fig,  1,  Fourier  transform  of  signals  from  fiber  sensor  (solid)  placed 
along  discrete  section  of  a  clamped-daniped  beam  and  piezoelectric 
patch  (dashed).  Second  mode  information  is  suppressed. 
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Fig.  2.  Fourier  transform  of  output  signals  from  tapered  fiti*’r  sensor 
(solid)  and  piezoelectric  patch  (dashed)  on  clamped-frec  boam.'^ 


Fig  3  Fourier  transform  of  signals  from  grating-induced,  first¬ 
mode  enhanced  e-core,  two-mode  fiber  sensor  (solid)  and 
piezoelectric  sensor  (dashed)  attached  to  beam  Second  mode  fiber 
sensor  signal  here  is  suppressed  by  10  dB  compared  to  signal  of 
conventional  e-core  sensor 
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weighted  grating-based  sensor  versus  the  performance  of  a 
conventional  piezoelectric  sensor.  Note  the  suppression  of  the 
second  order  mode  information. 

4.  REMARKS 

Several  methods  are  available  for  the  effective  weighting  of  optical 
fiber  sensor  sensitivity  along  the  length  of  moderately  long  gage 
length  sensors.  This  summary  has  briefly  discussed  three  such 
methods.  The  reader  is  referred  to  the  references  for  detailed 
information. 
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Single-fiber,  dual  modal-domain  sensors 


Christian  V.  O'Keefe 

Martin  Marietta  Laboratories,  1450  S.  Rolling  Rd,  Baltimore,  MD  21227 

ABSTRACT:  Single-fiber  sensors,  such  as  modal-domain  and  polarimetric  sensors, 
while  useful  as  strain  sensors,  are  also  very  susceptible  to  temperature  effects.  This 
simultaneous  response  to  temperature  and  strain  has  been  exploited  to  create  a  single¬ 
fiber  sensor  using  a  single  light  source  that  can  measure  both  temperature  and  strain 
independently.  'Two  modal-domain  sensors  were  created  along  the  two  orthogonal 
axes  of  a  two-mode  polarization-preserving  fiber.  Since  each  sensor  responds 
differently  to  temperature  and  strain,  each  generates  an  independent  output,  from 
which  both  temperature  and  strain  can  be  extracted. 


1.  INTRODUCTION 

Many  different  types  of  fiber  optic  sensors  that  measure  strain,  vibration,  or  pressure  have 
been  proposed  and  tested  by  various  researchers  such  as  Claus  et  al  (1988),  'Valis  et  al 
(1989),  and  Lee  et  al  (1989).  Some  of  these  have  used  single-fiber  approaches  based  on 
mode-mode  interference  (modal  domain  sensors)  or  polarization  modulation  (polarimetric 
sensors)  such  as  tho.se  from  Grossman  et  al  (1989)  and  Layton  et  al  (1979).  To  determine 
the  suitability  of  different  fibers  for  sensing  applications,  various  fibers  were  tested  frr  their 
ability  to  function  as  modal  domain  and  polarimetric  sensors  under  dynamic  strain 
conditions  by  O’Keefe  et  al  (1991)  and  under  dynamic  temperature  variations  in  this  paper. 
These  tests  were  useful  for  determining  sensor  sensitivity  to  strain  and  temperature  for 
particular  optical  fibers  and  for  sensor  type-modal  domain  or  polarimetric.  These 
characterization  tests  also  were  useful  for  the  development  of  dual  sensors  -  those  that  use 
both  the  modal  domain  and  polarimetric  effects  in  a  single  fiber  or  those  that  have  two 
modal  domain  .sensors  in  the  same  fiber.  The  development  of  a  dual  sensor  that  has  two 
modal  domain  sensors  within  the  same  fiber  resulted  in  two  sensors  each  of  which  has  a 
different  response  to  strain  and  temperature  changes.  This  provides  the  ability  to  develop 
sensors  which  can  limit  ambiguities  in  determining  the  strain  direction,  provide  higher  strain 
resolution  and  a  large  dynamic  range,  and,  most  importantly,  allow  one  to  possibly  separate 
strain  from  temperature.  Such  a  sen.sor  was  created  and  used  to  perform  these  functions. 

2.  BACKGROUND 

Modal  domain  and  polarimetric  fiber-optic  sensors  rely  on  differential  pha.se  velocities  of 
two  or  more  modes  propagating  within  a  single  fiber.  This  single-fiber  approach  does  not 
require  separating  a  beam  into  a  sensing  fibei  and  a  reference  fiber  with  subsequent 
recombination  of  the  two  beams.  Instead,  the  beam  travels  in  a  single  fiber  which  is  exposed 
to  the  parameters  that  are  being  measured  simultaneously  be  they  temperature,  strain,  or 
other  phenomena,  and  a  separate  isolated  "reference"  fiber  is  not  needed.  The  beam  travels 
down  the  fiber  and  is  separated  into  several  modes,  each  of  which  travels  with  a  different 
phase  velocity.  When  the  modes  are  recombined,  they  produce  an  interference  pattern, 
which  exhibits  intensity  changes  as  a  function  of  the  phase  difference  between  the  different 
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modes.  The  phase  velocities  of  the  diffcmnt  modes  are  affected  by  a  variety  of  perturbations 
such  as  strain  and  temperature  changes  in  the  optical  fiber. 

If  the  differential  propagation  constants  inherent  in  a  birefringence  fiber  can  be  combined 
with  a  modal  dc. stain  sensor,  two  independent  outputs  can  be  generated.  This  arrangement 
offers  the  possibility  of  solving  for  two  parametric  influences  on  the  fiber  such  as  strain  and 
temperature.  One  approach  was  developed  by  Vengsarkar  et  al  (1990)  whereby  an  E-core 
fiber  sensor  was  operated  at  two  different  wavelengths,  resulting  in  the  construction  of  a 
modal  domain  and  a  polarimetric  .sensor  within  the  same  fiber.  Initial  results  with  accuracies 
of  -I--  10  (im/m  and  5°C  for  strain  and  temperature  measurements,  respectively  were  very 
promising.  Some  drawbacks  include  the  need  for  two  la.sers,  wavelength  separation  filters, 
and  the  optical  configuration  for  injecting  the  light  from  the  two  lasers  into  one  fiber.  The 
dual  sensor  method,  where  two  modal  domain  sensors  are  created  within  one  birefringent 
optical  fiber  to  perform  simultaneous  measurements  of  strain  and  temperature,  can  be 
implemented  with  only  one  laser  which  can  be  pigtailed  to  the  end  of  the  fiber. 


3.  STRAIN  AND  i  ^MPERATURE  CHARACTERIZATION  OF  FIBERS 


When  two  modes  and  -'"•i’".  h"  travel  within  a  birefringent  fiber,  they  do  .so  with 

different  propagation  constants  such  that  upon  recombination  onto  a  photodetector  the  light 
intensity  and  hence  the  detector  output  level  is  a  function  of  the  phase  difference  between  the 
two  modes.  When  the  optical  fiber  sensor  is  perturbed  through  events  such  as  strain  or 
temperature  changes,  the  phase  difference  and  hence  the  output  of  the  sensor  will  change 
according  to 

,1,2  /■'’ 

(3dL+  I  ^^dL-t  I  ^ATdL  +  I  P^ATdL  (n 
L  I  J  dT 

where  P  is  the  difference  between  the  propagation  constants  of  the  two  rmxles  and  L  is  the 
length  of  the  sensing  portion  of  the  fiber.  The  final  change  in  phase  is  therefore  an 
integration  of  the  perturbations  over  the  length  of  the  fiber  sensor.  It  is  also  a  function  of  the 

cha-'ge  in  the  characteristic  parameter  with  strain  and  with  temperature 

the  change  in  length  with  temperature  which  is  also  known  as  the  coefficient  of 

thermal  expansion  (CTE).  Th"'  equation  can  be  simplified  if  it  can  be  assumed  that  the 
optical  fiber  sei  ,or  is  uniformly  loaded  both  mechanically  and  thermally.  The  phase  change 
can  then  be  written  as: 

A0  =  P/)l-  +  — AL  +  — LAT  +  P— LAT  (2) 
d£  dT  dT 

or  with  the  common  variables  grouped  together: 

A0  =  P  +  —  AL  +  — -i-p—  LAT  (^) 

dfj  [dT  dTJ 

Substituting  the  coefficients  A  and  A’laTi  defined  by 


+  ^  (4,1  ^  = 

Aali  oe  Alatj 

equation  {})  can  be  rewritten  as 

A©,  =  -2k^  al  +  L  AT 

AaLi  AlaTi 
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As  seen  in  Eq.  5,  the  output  of  polarimetric  and  modal  domain  sensors  is  more  a  function  of 

the  total  stretching  or  displacement  AL  than  the  actual  strain.  The  strain  does  manifest  itself 
in  the  output  since  the  displacement  is  equal  to  an  integration  of  the  strain  over  the  sensing 
portion  of  the  optical  fiber.  The  polarimetric  displacement  sensitivity  of  the  fibers  were 
tested  first;  the  results  are  given  in  O'Keefe  et  al  (1991).  The  temperature  sensitivity  of  the 
same  fibers  is  shown  in  Table  I.  As  shown  in  Eq.  5,  the  outputs  of  the  polarimetric  and 
modal  domain  sensors  are  a  function  of  the  temperature  changes  and  the  length  of  the  sensor 

exposed  to  these  temperature  changes  (lat). 

Therefore,  characteristic  temperature 
parameters  for  the  optical  fiber  sensors  are  expressed  in  terms  of  the  product  of  the 
temperature  and  the  length  of  exposed  fiber  (°C-m). 

TABLE  1.  POLARIMETRIC  TEMPERATURE  SENSITIVITY  OF  TESTED 
POLARIZATION-PRESERVING  FIBERS 


Length 

Temperature 

Fiber  Type 

tm) 

Change  C^C) 

°C-m/Fringe 

.^M  ESHB.%11 

0.64.5 

27.7 

1.467 

York  fIB8(X) 

4..L54 

2X.6 

1.196 

York  IIBIZ.M) 

5,4.^ 

26.4 

5.655 

The  mcKlal  domain  sensitivities  of  the  birefringent  fibers  wore  measured  by  performing  each 
test  with  the  input  light  injected  along  each  fiber  polarization  axis.  In  each  case,  the  output 
was  observed  through  a  polarizer  for  modal  domain  response  and  for  coupling  effects  from 
one  polarization  to  the  other.  The  coupling  effects  were  found  to  be  very  minimal.  The 
results  of  the  mcxlal  domain  responses  under  displacement  are  given  in  O'Keefe  et  al  (1991) 
and  under  temperature  changes  are  shown  in  Table  IL.  Again,  the  characteristic  fiber  sen.sor 

parameters  are  expressed  in  terms  of  the  displacement  (AL)  and  temperalure*icngth  )  or 
('’C-m). 

l  A  BLE  11.  MODAL  DOMAIN  TEMPERATURE  SENSITIVITY  Oh  1 TSTED  FIBERS. 


Polarization 

State 

length 

(m) 

Temperature 
Change  ("C) 

'^C-m/Eringe 

York  HB  800 

First 

4..L54 

25.1 

20.017 

Second 

4..454 

.W.2 

12.990 

York  IIB1250 

First 

mmmm 

8.540 

Second 

13.2.M 

4.  DE.SKJN  OF  DUAL  .SENSOR 

The  results  of  the  modal  domain  sensor  testing  clearly  showed  the  effects  of  polarization  on 
strain  sensitivity  in  the  polarization-  preserving  fibers.  With  this  knowledge,  a  birefringent 
mtxlal  domain  sensor  in  which  two  mtxlal  domain  sensors  were  effectively  created  by  using 
a  single  fiber  and  a  single  light  source  was  constructed.  Because  of  the  diffe  ential  phase 
vclcKity  between  the  two  birefringent  axes  in  a  polarization-preserving  fiber,  the  two  modal 
domain  sensor  outputs  can  be  used  for  strain  direction  determination  or  separation  of 
temperature  from  strain  effects.  ILiis  concept  is  shown  in  I-igure  1  Although  a  gas  laser  was 
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used  in  the  experiments,  a  laser  diode  can  also  be  used  with  its  advantages  in  terms  of  size, 
weight  and  power  consumption.  This  design  also  can  be  modified  to  create  an  all  optical- 
fiber  sensor. 


If  Eq.  5  is  expanded  to  encompass  both  sensor  outputs,  the  following  two  equations  result: 

^  +  _22L_  l  at  (6a)  AGz  =  AL  H-  -^2L_  l  AT  (6b) 

A  ALl  A’laTI  A’aL2  A’lAT2 


As  was  done  with  the  polarimetric/modal  domain  sensor  mentioned  earlier  (Vengsarkar  et  al 

1990),  the  modified  characteristic  parameters  A  and  A  lati  defined  by  the  relations  in 
Eqs.  4  and  6  can  be  expressed  in  matrix  form  as; 


or 


[  A01 

2n 

2k 

A'ali 

A'lati 

i.  A02  I 

L  A'aL2  A'lax2 

A0  =  A 

P 

(8) 

where 

AL 

-LAT 


P  = 


AL 

LAT 


(7) 


(9) 


271 

A’=  ’ 

! 

A'au 

271 

A'lati 

271 

(10)  and  A0  = 

A0, 

_  A02  . 

1  A'aL2 

A'laT2  - 

As  a  result,  the  matrix  A'  can  be  inverted  to  yield  a  set  of  linear  equations  which  will 
provide  the  temperature  and  displacement  (or  strain)  as  a  function  of  the  change  in  phase  of 
the  two  outputs  of  the  dual  sensor: 

P=  A'  '  A0 


(12) 
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Accurate  results  are  theoretically  possible  if  the  following  assumptions  hold  true;  1)  there  is 
no  cross-sensitivity  between  the  two  parameters  or  polarizations,  2)  the  matrix  A' 
components  can  be  determined  with  a  very  high  degree  of  accuracy,  3)  the  fiber  response 
remains  linear,  and  4)  the  phases  of  the  output  signals  can  be  measured  with  a  very  high 
degree  of  accuracy.  Some  degree  of  tolerance  for  variabilities  in  the  matrix  coefficients  and 
the  output  pha.se  measurements  is  achieved  if  one  has  a  well-conditioned  matrix.  The 
condition  of  the  matrix  is  a  function  of  the  strain  and  temperature  sensitivities  of  the  optical 
fiber  and  are  inherent  to  that  fiber  type  and  batch.  In  the  case  of  a  badly  conditioned  matrix, 
small  errors  in  determining  the  phase  outputs  of  the  sensor  will  result  in  large  errors  in 
determing  the  strain  and  temperature.  One  method  for  comparing  the  stability  of  the 
matrices  of  various  fibers  and  sensor  types  is  to  calculate  the  reciprocal  of  the  condition 
number  (rcond)  of  each  matrix  as  was  done  by  Vengsarkar  et  al  (1990).  If  the  matrix  is  well 
conditioned,  rcond  is  near  1.0  whereas  if  the  matrix  is  badly  conditioned,  rcond  is  closer  to 
zero.  Upon  applying  the  rcond  using  1-norm  for  dual  modal  domain  sensors,  it  was 
discovered  that  the  matrix  coefficients  of  the  fibers  tested  here  all  resulted  in  il--conditioned 
matrices.  Nonetheless,  a  dual  modal-domain  sensor  was  still  successfully  created  using  one 
of  these  fibers,  specifically  the  York  HB800,  an  850nm  polarization  preserving  fiber. 

S.  TEST  OF  DUAL  MODAL-DOMAIN  SENSOR  AND  RESULTS 

The  dual  modal  domain  sensor  that  was  created  with  the  configuration  shown  in  Figure  1 
allowed  the  application  of  strain  and/or  heat.  First,  the  sensor  was  strained  by  various 
amounts  at  a  constant  temperature,  the  phase  of  the  two  outputs  was  determined  and  Eq.  15 
was  used  to  calculate  the  AL  and  temperature.  Similarly  the  sensor  was  heated  while  the 

strain  was  kept  constant  and  the  AL  and  temperature  were  calculated.  Finally,  both  strain 
and  temperature  were  varied  and  were  calculated  from  the  sensor  outputs.  The  results  are 

summanzed  in  table  III.  The  directly  measured  values  for  AL  and  AT  are  given  in  the 
columns  labelled  "Exp.  "  and  the  values  calculated  from  the  outputs  of  the  sensor  are  given  in 
the  column  labelled  "Calc."  Accuracies  for  measuring  the  parameters  and  phases  were 

AL=±5  pm,AT=±0.1°C,  andA0=±().8  rads. 

TABLE  III.  RESULTS  OF  STRAIN  AND  TEMPERATURE  SEPARATION. 


Test  No. 

Exp. 

AL 

Exp 

AT 

A0  (rads) 
Pol  1 

A0  (rads) 
Pol  2 

Calc. 

AL 

Calc. 

AT 

1 

890  pm 

14.14 

21.99 

723  pm 

2 

930  pm 

OO^C 

15  71 

27.23 

958  pm 

-0.9*C 

3 

1655  pm 

olFc 

29.85 

49.48 

1 696  pm 

numggj 

4 

0  pm 

9:^ 

18.85 

11.78 

-2.5  pm 

10.4°C 

5 

0  pm 

l8^ 

6.28 

3.93 

-0.8  pm 

6 

0  pm 

9.42 

6.28 

20  pm 

do^ 

7 

500  pm 

ilFc 

7.85 

11.78 

378  pm 

oFc 

8 

I  (XX)  pm 

5Wc 

24.35 

29.85 

803  pm 

54^ 

9 

KXX)  pm 

10.2X 

40.84 

42.41 

926  pm 

ITFC 

10 

250  pm 

3.9°C 

11.78 

11.78 

241  pm 

dFc 
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6.  CONCLUSIONS 

It  can  be  seen  that  the  dual  modal-domain  sensor  does  have  the  ability  to  measure  both  strain 
and  temperature.  As  shown  in  Table  III,  it  performs  best  when  it  is  sensing  strain  or 
temperature  individually,  but  can  adequately  measure  and  separate  both  perturbations 
simultaneously.  The  concept  behind  this  type  of  sensor  is  demonstrated  here,  and  the 
accuracy  can  be  improved  by  using  of  a  different  optical  fiber,  one  whose  characteristics  will 
result  in  a  better  conditioned  A'  matrix.  Even  with  the  non-ideal  optical  fiber  used  in  these 
tests,  accuracy  within  several  degrees  Celsius  and  several  hundred  microns  was  achieved. 

The  temperature  and  strain  perturbation  results  that  were  generated  also  were  very  useful  for 
the  determination  of  the  temperature  sensitivity  of  various  fibers  and  sensor  types 
combinations.  These  sensitivity  results  allow  one  to  choose  a  fiber  with  a  desired  strain  and 
temperature  response  for  a  specific  application. 
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AB.STRACT 

Recently  there  has  emerged  a  new  class  of  sen.sors  for  structures  such  as 

pie/oeleeirie  laminate  PVDF  film,  modal  domain  optical  fiber  sensors,  and 
holographic  sen.sors.  These  sensors  have  a  unique  capability  in  that  they  can  be 

rabricaied  to  locally  alter  their  sensitivity  to  the  mcasurand.  Thus,  these  sensors 
act  as  a  spatial  fillers.  Spatial  filters  can  be  configured  to  measure  a  wide  varielv 
of  structural  parameters  which  can  not  be  measured  directly  w/ith  point  sensors, 
including  modal  amplitudes  and  travelling  wiaves.  In  this  paper  we  discuss  the 
model  of  these  sensors  for  control  system  design.  In  particular,  we  model  the 
fabrication  error  and  show  that  this  model  identifies  the  limitations  imposed  b> 

the  sensor  on  the  control  system. 

1.  INTRODUCTION 

The  suppression  of  vibration  in  flexible  structures  using  active  feedback 
control  has  received  a  great  deal  of  attention  in  the  last  decade.  Current  research 
has  focused  on  the  instrumentation  required  to  implement  these  control  laws, 
particularly,  through  the  use  of  embedded  sen.sors  and/or  actuators  -  so-called 
•Smart  Structures,  Recently  there  has  emerged  a  new  class  of  sensors  foi 
structures  which  respond  over  a  significant  gauge  length;  we  call  these  sensors 
d  i  s  t  r  i  b  u  t  e  d  -  e  f  f e  c  1  sensors.  The  most  well  known  sensor  of  this  type  is 

pic/ocleciric  laminate  PVDF  film.  Two  other  sensors  in  this  class  are  modal 

domain  optical  fiber  sen.sors  (Murphy,  el.  al..  I9‘f())  and  holographic  sensors 

(Welch  and  Cox,  1991).  In  some  cases,  these  sensors  have  a  unique  capability  m 
that  they  can  be  fabricated  to  locally  alter  their  sensitivity  to  the  measurand 

Ihese  sensors  act  as  a  spatial  filter.  This  spatial  filler  is  defined  by  the  spatial 
variation  ol  the  sensitivity  of  the  sensor;  this  function  of  space  is  called  the 
w  Cl  gluing  function.  By  various  choices  of  the  weighting  function,  these  sensors 
can  he  configured  to  measure  a  wide  variety  of  structural  parameters  which  can 
not  be  measured  directly  with  point  sensors  such  as  modal  amplitudes  aiul 

traveling  waves.  In  this  paper  we  discuss  the  incorporation  of  spatial  filters  into 
amtrol  systems  for  vibration  suppression  in  flexible  structures. 

Spatial  filtering  has  been  demonstrated  by  Burke  and  Hubbard  (1987),  Lee 

and  Moon  (1990).  and  Collins,  cl.  al.  (1991)  using  PVDF  film.  In  their  simplest 

configuration,  the  use  of  modal  domain  optical  fiber  sensors  in  a  control  loop  for 
vibration  suppression  ol  a  cantilevered  beam  has  recently  been  demonstrated 
(Cos  and  Lindner,  1991)  Reichard  and  Lindner  (1991)  and  l.indncr  and  Reichard 

(1991)  suggest  several  ways  in  which  these  sensors  may  be  configured  as  spatial 

fillers  Vengsarkar,  cl  al.  (1991)  have  demonstrated  a  modal  domain  sensor  with 
varying  core  radius  on  a  flexible  beam. 
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One  application  is  the  use  of  spatial  filters  for  the  active  suppression  of 
acoustic  radiation  (Miller,  ct.  al.,  1990;  Clark  and  Fuller,  1991;  Lindner,  et  al., 
1991).  Collins,  et.  al.  (1991)  used  this  same  filter  in  a  rate  feedback  system  for 
disturbance  rejection.  Burke  and  Hubbard  (1987)  have  demonstrated  vibration 
suppression  in  a  cantilevered  beam  using  a  spatially  shaped  actuator.  Chaing 
and  Lee  (1989)  used  weighted  PVDF  film  to  excite  and  control  only  the  first  mode 
of  a  cantilevered  beam.  Lindner,  et  al.  (1990,  1991)  used  a  spatial  filter  to 
implement  a  low  order  compensator  on  a  flexible  beam. 

In  this  paper  we  discuss  the  modeling  of  spatial  filters  for  control 
applications.  In  particular,  we  develop  a  model  which  incorporates  the  effects  of 
fabrication  errors  in  the  weighting  function  (Reichard  and  Lindner,  1992; 
Reichard,  1991).  This  model  predicts  the  limitations  of  the  control  system 
imposed  by  the  spatial  filter. 

In  Section  2  spatial  filters  arc  discus.scd.  Section  3  develops  the  model  of  a 
spatial  filter.  Section  4  introduces  the  effects  of  fabrication  errors  on  the 
performance  of  the  spatial  filter.  Section  5  has  the  conclusions. 

2.  DISTRIBUTED  SENSOR  MODELS 

Definitions:  A  signal,  ni(/,t),  is  called  a  distributed  signal  if  it  depends  on  time, 
1,  and  on  a  spatial  variable,  /,  which  belongs  to  a  domain,  ii,  of  at  least  dimen.sion 
1.  .A  sensor  is  a  distributed  sensor  if  the  output  of  the  sensor,  s(/,t),  is  a 
distributed  signal  proportional  to  the  distributed  signal,  m(/.,t),  of  the  structure. 
A  sensor  is  a  disiributcd-cffcct  sensor  if  the  output  of  the  sensor.  y(l),  is  a  scalar 
function  of  time  derived  from  a  distributed  signal  m(/.,t). 

Typically,  distributed-effect  sensors  arc  modeled  as 


y(i)  =  K 


g(/)  m(/.t)  d/. 


(2.1  ) 


where  K  is  a  proportionality  constant  and  g(/)  is  a  function  which  depends  on 
the  sensor  placement  and  fabrication.  In  some  cases  the  sensor  can  be 
physically  altered  in  a  controlled  way  such  that  the  function  g(/)  can  be  selected 
independently  of  the  sensor. 

Definitions:  If  the  function  g(/,)  in  (2.1)  can  be  cho.scn  independently  of  the 

sensor,  then  g(/)  is  called  a  weighting  function.  Any  device  with  an  input  of  the 
distributed  signal  m(/,t)  and  an  output  of  the  scalar  signal  y(t)  which  can  be 
modeled  as  in  (2.1)  where  g(z)  is  a  weighting  function  is  called  a  spatial  filter. 


Figure  2.1  shows  a  control  loop  containing  a  flexible  structure  and  a 

spatial  filler.  Sometimes  it  is  convenient  to  think  of  a  disiributcd-cffcct  sensor  as 

two  separate  operations:  a  distributed  sensor  followed  by  a  processing  unit  which 

performs  the  integral  in  (2.1).  From  this  point  of  view,  the  weighting  function 
performs  a  filtering  function  (Lee  and  Moon.  1989;  Lindner,  ct  al;.,  1991).  From 
another  point  of  view,  the  weighting  function  is  a  distributed  control  gain 

(Burke  and  Hubbard,  1987;  Lindner,  et.  al..  1990.  1991). 


3.  MODELING  SPATIAL  FILTERS 


Ilhvr  t)pth.  Scn\()i  \  I 
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Wc  assume  that  the  distributed  signals  of  a  flexible  structure  can  be 
described  in  terms  of  the  mode  shapes,  Vn(^)-  ^nd  the  modal  amplitudes,  rinft),  as 

s 

m(z,t)  =  r  Vnlz)  nn(t).  (3.1) 

n  =  1 

The  modal  amplitudes  satisfy  the  reduced  order  model 

Ti(t)  +  KTi(t)  =  Qiu(t)  (3.2) 

where  u(t)  is  the  control  input  force.  Substituting  this  expression  in  the  model 
of  a  spatial  filter  (2.1)  yields 

N  r  •  ’  N 

y(t)  =  Y.  I  S(z)  Vj(/)  dzjTi,())=^  c,Ti,(t)  =  Grid)  (3.3) 

i  1  =  1 

Secondly,  assume  that  there  exists  another  set  of  basis  functions  ('Ckl''. )) 
dclined  over  the  spatial  domain  such  that 


g(z)  =  X  gkTkfz) . 

k  =  I 

Define  the  N  \  N  matrix  Q  by 

Q  =  [qkj]  .  qkj=  yk(z)  \(i,(z)  d/ 
.  o 

Then  (3.b)  can  be  written  as 


(3.4) 

(3.5) 


C=[c,]  =  l  Z  , 

'  k  =  I 


Yk(/)  V,(/.)  dz 


gN]Q  =  GQ. 


.Assume  that  Q  is  invertible.  Then  given  C.  G  is  computed  from  (3.6)  and 
conversely.  This  result  says  that  selecting  the  weighting  function  is  the  same  as 
choosing  the  output  matrix  (3.3)  of  the  reduced  order  model  of  the  structure. 


4.  WEIGHTING  FUNCTION  ERRORS 

When  a  spatial  filter  is  fabricated,  the  weighting  function  which  is 
achieved,  galz),  will  differ  from  the  desired  weighting  function,  gdtz).  As  a 
result  the  performance  of  the  .spatial  filter  will  be  degraded  over  the  nominal 
system  performance.  Let  gd(z)  is  the  desired  weighting  function  and  ga(z)  is  the 
achieved  weighting  function,  then 

n(z)  =  ga(z)  -  gd(z) 

IS  the  spatial  filter  error.  The  actual  sensor  output  is  given  by 


Vad)  =  ga(z,)m(z.t)  dt  .  (4.1) 

ill 

An  error  in  the  weighting  function  induces  an  error  at  the  filter  output.  The 
s  I  g  n  .1 1 


e(t)  =  Valt)  -  yd(t) 
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is  called  the  sensor  ouipul  error.  The  sensor  oulpul  error  wrillcn  in  terms  of  the 
spatial  filter  is 


c(t) 


[ga(z) 
.  u 


ga(z)]  m(/,t>  d/  = 


n(/,)  m(/..l)  d/  . 


u 


(4.2) 


If  tlic  weighting  error  function,  n(/),  is  expressed  in  term  of  the  basis  functions 
of  the  structure 

N 

n(z)  =  Y.  n,V.(/)  (4..f) 

I  =  I 

then  the  oulpul  of  ihc  spatial  filter  using  the  achieved  wrcighting  function  is 

ya(t)  =[  C  +  SC  ]  pd)  where  SC-[ni  ■  nsJO-  (4.4) 

file  weighting  error  function  has  been  investigated  in  both  deterministic  and 

siochasiic  settings  (Rcichard,  IddI;  Reichard  and  Lindner.  1991),  The  following 
example  is  representative  of  Ihc  results  by  Rcichard  (1991). 

Kxatnple  4..V  (modal  filter)  Consider  a  cantilevered  beam  and  suppose  that  ihe 
weighting  function  is  selected  so  that  the  spatial  filter  will  measure  exactly  the 
first  modal  amplitude.  The  desired  weighting  function,  gd(z).  is  shown  in  Tigtire 

4,1,  ,Mso  shown  in  that  Kigure  4.1  is  the  achieved  weighting  function  gat/)  where 
n(/)  is  a  /ero-mean.  Gaussian  random  process  with  variance  a,,.  The  transfer 

function  ttf  this  system  is  a  /ero-mean  random  variable  with  variance  as  shown 
in  I'igure  4.2,  Also  shown  in  Tigurc  4.2  is  the  desired  frequency  response.  Figure 
4,.s  compares  an  ideal  first  mode  filter  with  a  strain  guage.  This  example  shows 
that  the  performance  of  the  spatial  filter  with  a  non-ideal  weighting  function  is 
degraded  over  the  desired  frequency  response. 


5.  CONCI.LSIONS 

111  (his  paper  we  have  discussed  the  modeling  of  spatial  fillers  for  active 
vibration  suppression  for  flexible  structures.  It  was  shown  that  the  choice  of  the 
wei.ehting  function  is  ct)uivalenl  to  the  choosing  the  output  n.airix  of  the  finite 
dimensional  model  .Secondly,  a  model  of  the  fabrication  error  of  the  sensor  was 
introduced.  This  model  shows  the  limilalions  imposed  by  the  spatial  filter  on  the 
conirul  system. 
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ABSTHACT:  inis  paper  dest'rib'es  th.e  developinent  of  a  demonstrator 
for  th(>  active  aliirnir.ent  cuntroi  of  .span*  structures.  Initial 
expei'imeitts  have  been  basevl  ci.  r  lie  alignment  control  of  a  simple 
aluminium  cantilever  beam  by  r  he  use  of  a  heater  pad  and  tingle 
measurements  from  a  laser  inti.'i’f’erometer.  Tltis  work  is  now-’  being 
extended  to  a  Vdimens ional  truss  structure  controlled  using 
p  Lezo-piectri  c  actiiators  . 


1 .  INTRODUCTION 

The  increasing  instfajment  stars  1 1  i*.;  t.v  uoeds  of  the  scientific  community 
are  leading  towards  iargtu'  spacecraft  struciui'os  combined  with  more 
demanding  pasload  pointing  r'eeju  i  rerntnit  s  .  Typitnally.  pointing  requirements 
for  European  spacocraf’t  of  t.»‘n  years  <'igo  wei'e  in  the  tens  of  arcsec  range. 
'I’he  SPOT  Earth  observation  satellite,  for  example,  launched  in  1986  had  a 
pointing  requirement  of  7-ari*s('t'.  Observatory  payloads  in  future  space 
missions  (such  as  tlie  Far  Infra-Red  Space  Telescope  FIRST)  will  be 
retpjired  to  achieve  attitudi'  stability  in  the  sub-arcsec  range  which  must 
be  maintained  over  many  niinutc’s.  Th.e  payload  pointing  error  budget 
includes  terms  due  to  rigid  body  motions  resulting  from,  for  example, 
nieasurn’ment  noisi:'  in  tlie  AOCS  instruments  and  structural  distortions 
resulting  from  temperatun'  gi*adients  and  structural  flexibility.  These 
If’vels  of  attitude  stability  requii*e  all  sout'cos  of  ert'or  and  disturbance 
to  be  minimised. 

Alignment  stability  in  spacecraft  is  conventionally  achieved  using  low 
coefficient  of  expansioi'  materials  (such  as  CFHP)  in  a  controlled  thermal 
environment.  Auy  unaccept abl rf'sidual  distortions  must  either  be  measured 
and  used  to  correct  the  data  wfiere  possible  or  controlled  actively  by 
re-aligning  part  of  the  spacecraft  structure.  Several  operational 
sp.acecraft  payloads  us('  active  thermal  control  (eg.  the  Improved 
St  r'atospheric  and  Mesospheric  Sounder  ISAMS)  and  active  structural  control 
is  being  applied  to  reduce  alignment  errors  for  large  mirrors  (eg.  the 
HuPble  space  telescope).  The  alignment  requirements  of  future  scientific 
missions  arr  now  reachiinr  tin-  point  wher*'  off-line  design  techniques  are 
no  longer  adequate . 

Section  of  this  paper  describes  rc'cent  research  activities  within  BAe. 
Earth  Obser'.  a t  i on  K.  Science  Div  ision,  irnes t i gat  i ng  structural  al  ignment 
control.  These  experiments  were  based  on  an  aluminium  cantilever  beam 
controlled  using  a  heater  pad  to  remove  distortions.  Section  3  describes 
our  current  research  activities  in  the  area  leading  to  a  technolfigy  base 
and  demonstrator  facility  allowing  the  alignment  (and  vibration)  control 
of  la’'ge  Vdimensional  struc^urfs. 
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CONTROL  OF  AN  ALI'MINIL^  CANTU.FVI-H  BEAM. 


F'or  this  exporimont  a  O.TLm  lon»:.  hollow  rectangulai'  section,  aluminium 
beam  representing  a  spacecraft  boom  was  clamped  to  a  surface  table  at  one 
fMid  with  the  other  end  free.  Distortioiws  of  the  beam  were  obtained  by  the 
use  of  woiglUs  arranged  to  produce  sideways  forces  at  the  free  end 
resulting  iti  an  angular  misalignment  between  the  ends  of  h  arcsec/N. 

Angular  measu!'emei\ts  wei*(‘  obtained  using  a  laser  interferometei'  system 
configured  as  sIuvau  in  figure  1.  ^ 

Control  of  tho  betim  wns  achieved  emus' 

by  the  use  of  a  Kapton  hearer  J 

scrip  bonded  to  the  vertical  fare  /  '  - — 

of  the  beam  opposite  to  the  \ 

interferometer  system.  Th(>  output  '  _  ' 

from  the  interferometer  v»as  fed  '  ‘O-x.-i-:* 

^c*  AAam'C  *4*  SO( 

into  a  standard  IBM  FC  which  -c 

.'nrludcd  a  (FID)  control  law.  Tlio  ,  t..  _ _ _ _  — —  . 

output.  from  tlio  cot'.t  ro  1  1  or  w-'t."'  tc'l*  C-TT  I*"  -*5**  ^ 

used  t..r>  control  the*  pow{‘r  supply  — i  •••  - -  y—— --  -^— — ■ 

to  thf'  heater  pad.  R(‘sulrs  showir.g  tx«<»iuts •'!_.»  *o  a*'* 

TJu'  response  of  the  system  to  .a  y  i  "*  "•  ■ 

arcsf’c  initial  angular  mis- 

alignment  are  shown  in  t'igiii'e  2.  1 

The  error  was  I'educed  to  v^ithIn  _ _  _  _ _ 

0.1  ar'cse(\s  (wh.ii.'h  was  t:.-^  ^  tm  ^ - 

limiting  accuracy  o!'  the  - - '  - - '  ..  . 

L  n  t.erT eronien  oi' )  at't  .>:• 

approx  ima  ta?  i  y  ”.r>  seconds.  lii"  Flgur#  1.  Conllgurttlon  ot  c»ntll#v*r 

transient  rf’sponS('  (J'igurt'  2i  was  b»«m •Hgnm^nt •xp*rim#nt 

cjscillat.ory  as  t  lie  rt'sult  of  the 
non*- Linear  rt's^jonsi'  of  tlu'  ln.aater  *  tt 


»  0  ^ 

Ci>**ac*.  S’ofle  ■ 
.cc^  ,  - - -> 


Pigur*  1.  Conllguratlon  of  cantllovor 
boom  ailgnmont  •xpoiimont 


The  above  experiment  demonstrated 
that,  active  alignment  control  of 
structures  is  a  realistic  ronc(’pf 
that  can  effectively  produce  the 
required  accuracic'.s  for  spac('i*raft 
p/iyload  roquirf'iiu'nt.s.  In  pi'.actici', 
spacecraft  st  r-uctui'es  ar‘>  effurs 
more  complex  than  th(’  sini{)le  h'vaii] 
describf'd  nbov'c  whili'  the  use  ef 
hfvater  pads  for  cotdi'ol  is 
undesirable'  because  of  their 
e  ffec  t  s  on  t  he  suriv))  nid  i  ng  t  herma  1 
env  i  ronmf'iit,  and  their  non-1  ine-ar 
be’hav  i  our . 


Figuro  2  C>0Md  loop  roopono*  of  cantllovor 
boom  to  on  inltlol  diofortlon 


DFVF.l.OFMi-NT  OF  A  STliFCT:  HAL  Al.IGNMKNT  CONTROL  DEMONSTR.ATOH . 


The  demon.s  f  ra  t  or  was  df's  i  gnod  t -c 
St  i”.;.''t  ure  and  is  modulai'  to  pe 
maui  jfar  t  u  t'ing  costs.  The  ability 
i  hi'a t  i cc'nti''.;!  is  considf’red  ' 


•t'pia'.sont  a  thrr?e  dimensional  spacecraft 
■mit  re’-confi  gurat  ion  without  incurring 
o  exte'nd  its  use,  t?ventually.  to  active 
'  be  an  important  requirement. 


The  above  requirements  are  met  by  an  'off-the-shelf '  product  produced  by 
Meroform  Gmbh  ef  Germany.  The  system  is  intendetd  for  use  in  displays  etc. 
and  consists  of  a  s'’t  of  standard  interchangeable  parts.  Node  elements, 
which  are  sphei'^-'s  appi'oximatfMy  -Icni  diameter,  .have  L'^  threaded  holes  into 
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which  struts  of  standard  length  may  be  screwed.  The  lengths  available 
allow  the  construction  of  cube  oleinentr  with  diagonal  bracing.  Various 
materials  are  available,  but  the  demonstrator  is  made  from  anodised 
aiurainiuiQ.  The  structure  being  studied,  shown  in  fig.  3.  consists  of  lb 
nodes  and  42  struts  with  a  total  height  of  approximately  Im. 

Distortion  is  introduced  into  the 
structure  by  the  use  of  heater 
elements  wrapped  around  four  of  the 
vertical  struts.  These  represent 
disturbances  g(  ^  n  e  r'  a  t  e  d  by  t  h  e  rm  <a  1 
gr’adients  within  the  spacecraft. 

The  measurement  system  must  be  capable 
of  measuring  distortions  with 
sub-arcsecod  I'esolut  ion .  Absolute 
distortion  with  respect  to  an  exteri'.al 
reference  or  relativ.:-  disioi'tion 
bet. ween  two  poi:;t‘=’  within  tlir- 
s t t'uc t.kire  are  required.  A  summary  of 
potential  systems  is  showri  iti  table  1 
and  tlu'  use  of  a  laser  i nteid'ei'onHM en 
has  been  seU'Ctt'd  siiK.'t.*  it  ot'fons 
flt'xibility  ff>r  a  h'monst  r-P:  or .  WitVi  a 
single  laser,  additional  mo.ustii'C'motjr s 
can  be  obtained  by  adding  mirrors, 
beam-spl  i  tters  and  int.ei'feromet*.’:* 
blocks.  A  disadvantage  of  many  oi'  the 
a  1 1  erna  t  i '/{’s  .  as.suming  the  roquirc'd 
resolution  can  be  achie\(*d,  is  the 
iH’ed  to  build  an  addition.al  sttnicture 
to  support  part  of  the  nioasuidng 
de'cice  (eg.  capacitive  micr'ometer)  . 

Table  1  shows  some  uctuat  ion  syst(’nis 
that.  wiM’e  considered.  P i ero-f'l ee t.  r i c 


Ftgur*  3.  Structural  aitgnmant  rig. 


systems  are  ideal  because  they  can  be 
built  into  '  activ'e  struts'  .and  iiave 
been  seU'Cted  for  the  demonstrator.  These-  have  also^j^een  successful  1  y 
.applied  to  vibration  reduction  in  truss  structures  .  Pieiio-elect  ric 
actuator's  require  approx  , mat  el y  lOf'V  to  produce  distoi't  i ons  of  lOOpm  but 
suffeu’  from  1-1%  hysteresis.  A  possible  a  1 1  <*rnat  i  v(»  is  a  Magnetos!  ri.ct  i\e 
material  (Terfonol-D)  whicli  cati  provide  larger  strain  lev<'ls  with  no 
b.ysteresis.  Hc.^wr^ver .  the  prest-nce  of  a  •iiagiretic  fi(?ld  may  influeru'e  tht' 
‘spacecraft  K-M  ^aivi  rorim‘»nt  while  the-  use  of  cuiu-ent  ratlu:r  tlian  \oltage 
will  make  demands  the-  spaf'erraft  pow('-r  sub-sys;t  cm. 


The  number  and  placement  of  actu.ators  depends  upon  the  characterist  i('s  c.!' 
the  disturbance's  to  be  r'ol  lerj .  :♦  is  sh.own  in  (2)  that  it  is  difficult 

to  locate  actuators  at  pnsiticns  with.in  tla-  structure  wiiich  ar'e  effect  i\-e 
against  all  conceivable  d  i  st  ui’baiKn.'s .  A  suitable  set  of  I'eaiistic 
disturbances  is  {ras  suggested  in  2)  composed  of  a  linear  combination  of 
tire  first  few  \ihration  mode  shapes  ur  other  appropriate  determi  in  i  s  t  i  c 
functions.  The  optirr.al  actuator  locat  icuis  are  thosf'  which  minimise  t.hf* 
'distortion  squared*  integra*ed  over  the  structure.  A  numerical 
ep t  1  m i sat precedurt'.  including  a  FF  model.  is  used  to  solve  the  above 
prob  1  em  . 

Ideally,  di  sp  I  raceraent  s^nsor.s  sh.ould  be  positioned  at  the  point  (s;  wherf 
the  distortion  reduction  is  r-’qui  I'c.J .  I;,  firact  ic**  this  may  not  possible- 
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Act  uators 

Mcasuremenc  systems 

F iezo-e lec t r i c . 
electric  motors. 

Fressurc  t  ransducau’s . 
floater  elemc’nts. 

Magnetos t  r i ct  i  ve  m  t’  or  i a  1  s . 
Klet't  rost  I'ict  i\-e  m  ‘(rials. 

F 1  or  t  r'(.ireo  1  ogic'ai  1'  1  u :  ds  . 
Memory  metals,  co!ii[kjs  ;  K's  . 

Laser  interferometer . 

Fibri'  optic  interferometer. 

Magnet  i  c;  capaci  t  .■  vt?  sensors . 

Qu.adr.ant  detectors . 

lic-ro-electric. 

l.i near  rotary  transducers . 

L.VDT. 

Strain  gauge/ load  cells. 

r/rt))('  1  Sumrnarv  of  actuat  ion  and  moasvirement  device^. . 
brc'uisc  of  tlsc  iocat.ion  of  payload  hardware  and  an  estimator  has  to  be 
used.  An  (.'stimator  for  tiu'  snape  ol‘  a  stiaicture  is  described  in  (S). 

of  displ-a'cein'-nt.  ai'O  ol)t,a!noJ  at.  a  number  of  locations 
d'-'f  i  nod ; 


M^'-asuremenl 
and  a  port'c; 


an' 


index . 

-1  , 
ux 


J  .  :  s 
^  1  r;i’ 


-'F. 


•1 


d\ 


SMi.»  ;  or  t  t  o  {  la 


,M.}uat-  Jii; 


rfji 


c;f 

7 


3-^ 


1 :  ;:i  i  sat. 
lat  i  nns 
'  '.lien 
■  rt'<jui 
'  ]  n  1 :  ’ 

'  e St. ini 
nioi'i 


Measuremf’nt  r.u'  true  dispIaccJiaait  y. 

=  I)i s t urbanr(?  force  vector. 

G  =  FF.  model  rf  structure. 

Q  .  [i  art?  weighting:  .matrices. 

ion  of  j.l*  which  involves  the  soiution  of  a  set  of  linear 
.  produces  estimates  of  tlu*  disturbance  F  and  iik>;^«:;u remen t  y  win'ch 
used  to  predict  the  shape  at  tlie  points  ()f'  intei'est. 
red  control  forces  at  "ho  actuator  locations  are  determined  by 
another  cost  function.  Jp  aeasii’ing  t!ie  c-^uar'cd  error  between 
ated  shape,  y  ,  and  the?  df?s  i  r  J  shaf.)e.  y,,  again  subject  to  the 
det'iried  by  j.l’  ' 


^  lOij 


)  ‘  d.x  3 .  •; 


lbs  t  i  f  u r  1  ng  ? .  J  into  . 
ptinial.  f'or'.'o  '.'ofitor*.  As  (‘uu*  t 
s'.'t  of  litifuar  ('quations  to 
• ''Ch.n  i  qu‘ '  has  -applied  tn 


imj  pei'rorinir.g  the  minimisation  yields  an 
■  t estimation  problem,  the  solution  requires 
1.'“  sol'ceci.  The  above  estimator/cgqtpol  ier 
beam  and  a  largo  ant'^nn<a  problem 


r(,)Nr!.rsi(’t 


This  paper  has  shc/wn  tln.t  accu!\aci“S  of  cat  least  0.1  arrsecs  are  readily 
anh.  j  ?-•  .ab  ie  witli  simple  active  aligiim<?nt  cent  'ol  for  boom  likf?  structures. 
\i'  ''urr’amen  t  a pr'oblems  foi'seeri  in  euxtending  this  level  of  control 

at;'  uracy  to  ^  dimensj-onal  structure's  to  me<’l  the  perceived  requirements  of 
fU'Mi'e  scientific  sp^*  ecraft  . 
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Flows  betv^ecn  structural  and  control  desi«ns  bv  example  of  the  extendable  and 
retractable  mast 


J  Bals,  G.  Griibel 

DLR  Laboratory  for  Flight  Systems  Dynamics.  German  Aerospace  Research 
Establishment.  D  8031  Oberpfaffenhofen.  Germany 

W,  Charon 

DORNIER  GmbH.  P.O.  Box  1420,  D-7990  Friedrichshafen  1,  Germany 

Abstract:  An  approach  towards  an  integrated  structure/control  des'gn  is 
proposed  The  logic  to  achieve  the  design  integration  is  based  on  moltiob 
jective  parameter  optimization,  whicti  allows  to  take  care  of  structural  and 
control  design  requirements  explicitely  and  simultaneously  Oiie  of  the  Key 
tasks  within  the  integrated  active  structure  design  is  to  avoi(i  instability 
caused  by  spillover  of  uncertain  or  truncated  modes.  This  can  be  achieved 
by  a  hyperstable  controller  which  guarantees  stability  robustness  pro'hded 
colocated  sensors  and  actuators  can  be  used.  By  examf)le  of  an  active 
Extendable  Retractable  Mast  (ERM)  the  control  design  ()arl  of  this  approach 
is  demonstrated. 

1.  Introduction 

The  active  structures  design  is  commonly  sec|uential  In  a  first  step  a  st’uctural 
design  is  performed  using  finite  element  methods  This  step  is  guided  by  struc¬ 
tural  design  criteria,  e  g  mass,  stiffness  and  frequencies  Then,  sensor'actuator 
positioning  and  model  order  reduction  (e  g  truncation)  is  performed  in  order  to 
obtain  a  control  design  model.  Finally,  the  control  system  is  designed  based  on 
a  control  specific  criterion  (e  g  pole  location,  quadratic  performance  index)  Such 
a  sequential  design  process  leads  more  to  a  controlled  structure',  rather  than 
an  active  structure  where  structural  and  control  designs  should  both  be  tuned 
for  a  best  possible  compromise  among  structural  and  control  design  criteria 

DLR  the  German  Aerospace  Research  Establishment,  and  the  DORNIER  compa 
ny  cooperate  in  exploring  the  benefits  of  Concurrent  Engineering  for  an  inte 
grated  design  of  active  structures.  The  challenge  is  to  achieve  goal  concurrence 
by  a  suitable  goal  attainment  method  for  interactive  and  iterative  computer  aided 
design  experimenting.  This  shall  allow  to  tackle  the  multi-disciplinary  design 
protrlem  more  in  parallel  than  in  sequence 

2.  Computational  Flows:  Integrated  Structures/Control  Design 

The  sliuctures  control  design  flow  is  sketched  in  Figure  I  We  propose  a 
StrL'ctiii  PS  Conti  ol  Design  Inteqrntion  Module  (DIM)  which  links  loqnther  a  struc 

P  i^ir  rpsiillq  cil  tins  p.irioi  vvcr'i  (levplripcr)  iii  ro'io.irrli  siippotlctl  in  p.irl  hy  llip  Eiiropn.in  Sp.ii  r- 
Acjprii  ,  Iiulpr  Conlt.ifl  No  RR.TP  HR  M|  MAClSCi  I'OI.P  DORNIEP'  nnri  No  fiqz?  Sfi  IDOPNIFP' 
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tures  design  environment  and  a  control  design  environment  The  logic  to  achieve 
the  design  integration  is  multiobjective  parameter  optimization,  which  allows  to 
take  care  of  both  structural  and  control  design  requirements  individually  and 
simultaneously  in  the  sense  that  a  best  possible  compromise  can  be  found  by  an 
iterative  engineering  adjustment  of  procedural  parameters  which  determine  the 
design  direction  |  1  |  The  DIM  requires  an  open  software  architecture  with  a 
modular  configerability  of  structural  dynamics-  and  control  engineering  software 
and  databased  computational  experimenting  support  to  keep  track  of  the  vari¬ 
ability  of  a  complex  design  process  |  2.  6.  3  |. 


Figure  1  Integrated  structures/control  design  approach 

The  structural  design  analysis  is  assumed  to  be  based  on  finite  element  methods 
Before  the  structural  analysis  unit  can  be  used  within  the  optimization,  a  generic 
structural  design  has  to  be  petlormed.  Already  within  the  generic  structural 
design  some  controller  properties  have  to  be  considered  in  order  to  guarantee 
to  ttie  proper  extend  the  performance  of  the  active  structure:  In  |3,  4|  an 
extendeo  modal  cost  technique  is  developed  lor  selection  of  number,  type  and 
locations  of  sensors  and  actuators  Then.  LOG  theory  is  used  for  a  rough  design 
of  a  related  generic  controller  within  the  generic  structural  design  The  outcome 
of  the  generic  structural  design  is  a  structural  analysis  model  which  includes  the 
definition  of  the  free  structural  design  parameters  and  the  related  procedures  to 
perform  sensitivity  analysis  Also,  a  good  initial  guess  of  the  structural  design 
parameters  should  be  provided  to  the  DIM  The  purpose  of  the  structural  analysis 
unit  is  to  compute  a  new  structural  model,  if  the  DIM  changes  some  nf  the  free 
structural  design  parameters  Depending  on  the  structural  analysis  lodel  ttie 
computation  of  fhe  structural  model  requires  a  sensitivity  analysis  or  a  complete 
finite  element  analysis. 

The  rontrot  oriented  modelling  unit  has  to  take  care  of  two  closely  related  prob¬ 
lems  The  specific  arrangement  of  sensors  and  actuators  on  the  structure  deter¬ 
mines  good  or  bad  transfer  functions  for  control  '.  Furthermore  structural 
dynamics  models  are  usually  not  suitable  tor  control  design  purposes  because 
the  dynamic  order  is  too  high  Hence  order  reduction  has  to  be  performed  The 
parameters,  which  determine  the  qualify  of  the  sensor/actuator  positioning  and 
order  reduction,  are  the  positioning  parameters  (number,  type,  and  positions) 
and  the  order  reduction  parameters  (order  of  the  reduced  model,  modes  to  be 
kept  in  the  control  design  model).  The  purpose  of  the  control  oriented  modelling 
unit  IS  to  build  a  new  control  design  model,  whenever  the  structural  model  or  the 
positioning  and  reduction  parameters  have  been  changed  Furthermore,  quality 
measures  for  positioning  and  order  reduction  have  to  be  provided  to  the  DIM 
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which  give  an  indication  whether  the  current  positioning  and  reduction  parame¬ 
ters  are  adequate  for  the  current  structural  model  or  not  The  positioning  quality 
measures  can  be  based  on  the  extended  modal  cost  analysis  [4j.  Aiiernatively, 
the  positioning  measures  |5|,  using  modal  observability/controllability  measures, 
are  applicable.  The  reduction  quality  measure  depends  on  the  chosen  order 
reduction  method  (e  g  singular  values  using  the  internal  balancing  method) 

In  a  generic  controller  design,  the  controller  structure  has  to  be  determined  fe  g 
output  feedback,  observer  based  feedback)  Also  the  related  controller  synthesis 
procedure  has  to  be  defined,  which  computes  a  controller  as  a  function  of  the 
controller  design  model  and  the  current  controller  synthesis  parameters  In  the 
controller  synthesis  unit  a  controller  synthesis  is  performed,  whenever  the  con¬ 
troller  synthesis  parameters,  or  the  control  design  model  have  been  changed 

In  any  design  stage  it  is  possible  to  fix  subsets  of  the  design  perameters  to  their 
current  value.  This  allows  tor  example  to  switch  between  purely  structural  and 
purely  control  design,  whenever  necessary.  In  particular,  a  single  design 
sequence,  as  well  as  an  iteration  loop  can  be  emulated. 

3.  Structural  Design  of  a  Controlled  ERM 

The  present  paper  aims  to  illustrate  the  control  design  part  of  the  integrated 
approach  looking  at  a  realistic  mast-like  structure  as  an  example.  The  passive 
version  of  the  ERM  has  been  developed  by  the  DORNIER  company  as  prime 
contractor  to  the  European  Space  Agency.  Its  imagined  active  version  is  an  elas¬ 
tic  20  m  long  mast  fittet  with  piezoelectric  local  actuators  and  sensors  and  an 
offset  rigid  antenna  whose  pointing  accuracy  shall  be  improved  (see  Figure  2) 
Its  generic  structural  design  has  already  been  described  in  the  literature  [3.  4| 
including  the  addressed  methodology 


Figure  2.  Solar  array-  and  antenna-ERM  on  columbus  resource  module  and  deploy¬ 
ment  configuration  of  ERM  elements.  Colocated  sensors  and  actuators  are 
realized  as  piezoelectric  active  strut  members. 

The  block  diagram  of  the  controlled  structure  is  shown  in  Figure  3  The  main 
source  of  disturbance  for  the  ERM  is  a  forced  motion  at  the  base  of  the  mast  due 
to  positioning  maneuvers  and  activities  within  the  spacecratl  the  ERM  is  attached 
to  These  disturbances  are  modelled  by  the  vector  w  In  the  generic  structural 
design  j4|  two  colocated  sensor/actuator  pairs  called  Ul-iOl  have  been 
selected  This  configuration  is  represented  by  the  control  input  vector  u  and  the 
mesurement  vector  ym  The  measurements  and  the  control  inputs  are  spoiled  by 
additional  measurement  noise  v  and  control  input  noise  n  The  output  variables 
that  are  to  be  controlled  are  specified  by  the  pointir.g  directions  of  the  antenna 
isee  i4|)  Accordingly,  the  rotations  of  the  tip  node  about  the  x  and  y  axes  were 
chosen  as  the  two  output  variables  in  the  evaluation  output  vector  ya  The  spec 
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Figure  3.  Block  diagram  of  the  controlled  ERM 

ifications  for  the  controlled  structure  have  been  definied  during  the  generic 
struclurai  design  in  terms  of  its  stochastic  properties.  For  the  disturbance  input 
w,  the  sensor  noise  v.  and  the  actuator  noise  n,  zero  mean  white  noise  excitations 
with  given  variances  W.  V.  and  N  have  been  assumed.  Because  of  their  availabil¬ 
ity  on  the  market  colocated  sensor/actuator  devices  with  120  N  maximum  force, 
i  e  40  N  standard  deviation,  were  chosen  as  a  baseline.  The  disturbed  antenna 
angles  were  defined  by  the  output  variances: 


x-angle 

y-angle 

open  loop 

closed  loop  (specified) 

3  1674E-6 
0.2500E-6 

6.6637E-6 

0.2500E-6 

The  computation  of  the  output  variances  requires  a  covariance  analysis  of  the 
closed  loop  system 

X  Ax  Er  y  Cx  I  Dr 

where  the  white  noise  input  is  r  -  |w,v,  n|^  and  the  output  y  is  defined  as 
y  (ya.uj  The  matrices  A  E.  C.  D  are  the  corresponding  closed  loop  system 
matrices.  The  state  covariance  X  is  obtained  from  the  Lyapunov  equation 

Xa'^  •  AX  ere"  , 

where  R  c/fag'W,  V.  N1  The  output  covariance  matrix  Y  is  computed  as 

Y  CXC"  ORD'^ 

The  first  two  diagonal  elements  V  j  of  the  covariance  matrix  contain  the  vari¬ 
ances  of  the  antenna  angles,  the  third  and  fourth  diagonal  elemnts  Y,,.  Yu  are  the 
variances  of  the  two  actuator  signals,  which  are  equal  because  of  the  symmetric 
actuator  positioning.  In  this  analysis,  also  the  influence  of  sensor  and  actuator 
noise  on  the  actuator  covariances  is  considered. 

4.  Hyperstability/Multiobjective  Control  Optimization 

In  1 81  an  integrated  structures/control  design  via  multiobjective  optimization  was 
described  by  example  of  the  Draper/RPL  spacecraft  model.  The  stability  problem 
due  to  spillover  was  found  to  be  one  of  the  most  important  problems  This  is 
not  surprising,  since,  for  example,  changing  structural  parameters  can  decrease 
the  quality  of  sensor/actuator  positioning  and  order  reduction  and  therefore  may 
increase  the  danger  of  spillover.  Thus,  integrated  structures/control  design  opti¬ 
mization  requires  a  stability  robust  controller  structure  which  can  tolerate  model 
uncertainties  remaining  after  structural  design.  In  [8]  a  modal  suppression  tech- 
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nique  was  applied  to  eliminate  observation  spillover  from  the  converged  solution 
Here,  a  controller  design  method  is  used,  which  satisfies  the  stablity  robustness 
requirement  already  during  the  design  procedure  by  a  combined 
hyperstability/niultiobjective  optimization  approach  [1  j. 

The  class  of  hyperstable  controllers  is  of  special  importance  since  a  control  loop 
with  hyperstable  controller  is  guaranteed  to  be  stable  as  long  as  the  plant 
remains  hyperstable  despite  of  model  uncertainties.  For  flexible  structures 
hyperstability  of  the  plant  is  guaranteed  independent  of  unmodelled  modes  and 
uncertain  modal  parameters  (frequencies,  damping  ratios,  mode  shapes),  pro¬ 
vided  colocated  sensors  and  actuators  are  used.  In  the  design  method  [1J 
hyperstability  theory  serves  to  specify  a  computationally  tractable  controller 
structure.  The  multiobjective  optimization  approach  is  used  to  determine  suitable 
values  for  the  free  synthesis  parameters  p  -  \p . p,]’  of  a  hyperstable  con¬ 

troller  structure  In  order  to  meet  the  above  covariance  specifications  the  vector 
performance  index  is  defined  as  g(p)  -  |  V,..  Y  ,.  y-,,]7  Other  design  criteria  like 
eigenvalue  criteria  or  time  response  criteria  could  be  added  to  the  vector  per¬ 
formance  index,  if  necessary  The  vector  performance  index  is  optimized  by 
minimizing  the  scalar  cost  function 

■/(p)  -  max  [g,(p),'c,l  . 
t  1 '  r-  L 

This  kind  of  optimization  procedure  together  with  the  fact  that  the  designer  can 

intervene  via  the  design  weighting  vector  c  --  [c, . c,  J’.  makes  it  possible  to 

systematically  explore  a  given  controller  structure  in  terms  of  the  design 
requirements,  and  hence  to  achieve  a  "best  possible"  compromise. 

Within  the  optimization,  a  16th  order  control  design  model  is  used  A  second 
order  hyperstable  controller  structure  is  applied  containing  7  free  controller  syn¬ 
thesis  parameters  The  results  of  a  controller  design  case  study  are  given  in 
Table  1  The  standard  deviations  for  the  x-angle.  y  angle,  and  for  the  first  actua¬ 
tor  are  shown  with  and  without  the  impact  of  sensor/actuator  noise  The  controller 
design  Cl  satisfies  the  specifications  for  the  antenna  angle.  However,  the  actuator 
limitation  of  40  N  is  exceeded.  If  the  limitation  for  the  baseline  actuator  is  kept 
(design  C3).  the  specifications  for  the  antenna  angles  cannot  be  reached  The 
design  C2  is  a  compromise  at  the  level  of  200  N  for  the  actuator  standard  devi¬ 
ation.  These  results  indicate  that  either  improved  actuators  have  to  be  developed 
or  the  requirements  tor  the  antenna  pointing  accuracy  have  to  be  reduced 


signal  / 
controller 

- 1 

x/noise 

1.E-3 

x/no  noise 
l.E-3 

y/noise 

1  E-3 

y/no  noise 
IE-3 

u/noise 
IE -12 

u-'no  noise 
1,E  +  2 

Cl 

0  4937 

0  4480 

0  5000 

0  4476 

6.4135 

5,4435 

C2 

1  0876 

1  0808 

1  2047 

1  1987 

1  9999 

1  9942 

C3 

1  6170 

1  6158 

2,1560 

2.1547 

o.4oro 

0  3998 

open  loop 

- 

1  7790 

- 

2,5762 

Table  1.  Antenna  and  actuator  standard  deviations 

The  different  designs  have  also  been  analyzed  in  the  time  domain.  For  this  pur¬ 
pose  deterministic  input  signals  r  have  been  derived  which  approximately  repre¬ 
sent  the  while  noise  inputs  in  the  relevant  frequency  range  of  the  mechanical 
structure  (see  also  [7])  In  Figure  4  the  open  and  closed  loop  response  are 
compared  for  controller  design  Cl  by  plotting  the  y-angle  of  the  antenna  versus 
the  x-angle  The  curve  is  parametrized  by  the  time  from  zero  to  32  seconds 


6S 


-)(  tivc  Materia!.''  and  Adaptde  Stnn  turcs 


5.  Concluding  Remarks 

The  inultiobjective/hyperstability  control  design  approach,  which  guarantees 
robust  controlled  stability,  was  successfully  applied  to  a  given  mechanical  ERM 
design  As  a  next  step,  a  software  engineering  implementation  in  a  common 
environinent  is  planned,  which  allows  the  simultaneous  optimization  of  controller 
synthesis  parameters  as  well  as  sizing  parameters  of  the  mast,  like  thickness  of 
the  tubes. 
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Atistract.  Conlri)l-sliin  ture  interaction  effects  are  dominant  in  highly  Hexible  space 
structures  with  high  gain  controllois.  The  applicability  of  the  control  structure  design 
sensitivity  (C'SH.'s)  and  the  dynainiis  and  control  analysis  program  (DC’.'\P)  for  the 
design  and  evaUiatioit  of  these  controlh^rs  is  presented  in  t  his  work.  .Add it  ionally.  c.a.nt  r»>i- 
striicture  issues  in  a  itiultibody  setting  are  demonstrated  using  an  European  Data  Ib  lav 
Satellite  (DRS)  model. 


1.  INTRODUCTION 

rill’  integration  of  structural  modi'ling  aiul  conlrol  tlcsign  for  a  cltiss  of  space  st  riic- 
turi’s  is  atiilrnssftl  in  tins  work.  Control-strtirttin'  inti’raction  issues  hecoiue  preikmi 
inant  for  liigli  [lerforniance  conlrol.  I  ln'  iniegratetl  desigii  approarhe.s  are  deuion- 
st  rated  using  local  controllers  and  cttiuluned  o|>l  imi/at  ion  ineiluKls  '  Hainaknshnan 
.1  H .  Stornelli  S.  Rajivith  II,  and  Silva  A  (19!ll)'  finally  I  he  dual  object  ive  of  lugli 
[lerforiiiance  aiul  vibratieui  suppre.ssion  for  a  DRS  iiiotlel  is  presented. 

riie  local  controller  'bust  R  V’,  and  Srliiiiit  I,  A  (1988)'  concept  leiuls  itsell  to  the 
area  of  smart  structures  since  the  struct tiral  member  has  a  variable  posit  itin  aiul  ve¬ 
locity  gain  as.soriated  wit h  it  In  I  his  set t irig.  coni rol  elfort  proport ional  to  the  nodal 
displacements  and  velocities  is  applied  to  (lie  active  meniliers.  I  lie  control  forces 
modify  the  effective  stiffness  and  damping  iiarameters  of  the  slriu  liire  reducing 
response  ipiant it ies  of  interest.  1  he  optimisation  pri'blem  is  jioseil  as  minimizing 
the  total  controller  forces  subjected  to  constraints  on  dynamic  displacements  and 
individual  controller  forces 

file  combined  opt imizal lem  iirobleiii  '.Salama  M,  (Jarba  .1,  and  Deinset/  1  (I'.Ks.Si' 
uses  a  compositi'  objective  function  (with  a  structural  and  control  ob|r  ci|\,.i  to 
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simultaneously  optimize  the  structure  and  controller.  The  approach  is  based  on 
the  concept  that  the  minittia  of  a  sum  is  le.ss  than  or  equal  to  the  sum  of  the 
minima. 

The  final  e.xample  illustrates  the  interaction  problems  in  the  high  bandwidth  control 
of  Piurostar  DRS.  Controller  design  to  minimize  the  solar  panel  vibration  after  an 
attitude  maneuver  is  presented  ESTKC  funded  programs  CSDS  and  DCAP  are 
used  e.xtensively  in  this  work. 


2.  LOCAL  CONTROLLER  PROBLEM 

The  discretized  equations  of  motion  for  a  linear  structural  system  subject  to  mul¬ 
tiple  loading  conditions  are  given  by: 

[.U]  (ii}^  +  [( ■]  {it};. [A']  {i/}t  =  ^’ =  1 . "  (1) 


wlu're  the  matriot's  and  vt'ctors  have  the  usual  meaning.  The  local  controller  forces 
cat)  bt'  writte’ii  in  term.s  of  llie  .sy.slem  level  position  and  vidocity  feedliack  matrices 
[6',,];.  and  as 


{/.■}*•  -  -  [fo  ];•  {»}r-  -  K’V];  {")*•■ 

k'  —  1 . It 

CP 

With  this  force  tt'rm.  the  closed-IcKip  eqii.alions  of  motion  can  be  icritti'ii  tis 

[■'/]  {''}*■+  {  "<■}  +  [A',.i];.  { I/;. }  = 

{P{t)}c 

(d) 

[f-.a];.  = 

[(■■]  +  [c-,.], 

[/V.,];.  = 

( f) 

Th('  local  controller  optimization  problem  is  now  cast 

('is: 

ti 

Minimize  ^  l/.dOl, 

7=1 

subject  to 

Vi 

.  it,, 

!/.dOi,  <  /eetr,  1=1... 

.  .  U  f 

and  appropriate  side  constraints  on  the  gains.  The  local  cotitrol  e.xample  is  skqtped 
for  the  sake  of  brevity. 


3.  COMBINED  CONTROL/STRUCTURE  OPTIMIZATION 

Th('  simultaneous  control  structure  tqitimization  probh'm  is  stated  a.s  follow^ 


min  Jia.  it  )  = 


/  (-r'  Qi  +  tt^ 

^  J  «■> 


Alt) 
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Figiirt'  1:  Combined  ( 'ontrol/Stnicture  Optimization 


Hioan  tor  Omhms  OpnaMUM 


141. 

U- 


Figure  '2:  Iteration  History  for  Combined  Optimization 


subject  to  tlie  system  dynamics  and  behavioral  constraints.  The  structural  ob¬ 
jective  is  only  a  function  of  the  structural  design  variables  a  while  the  control 
objective  in  equation  (6)  is  a  function  of  both  a  and  the  control  u.  Expressing  the 
control  objective  as  an  implicit  function  of  a,  the  problem  is  recast  as  selecting  a 
set  of  structural  design  variables  a*  such  that 


F(a) 


JAo)  +  -p-rlP{a)Xo 


is  mmnnizeil  I’he  planar  structure  use.)  to  <lemonst rate  this  ap'proach  is  shown 
in  figure  1  Ihe  iteration  history  for  the  radius  of  members  2.  1  and  (i  ;ind  the 
open-loop  fretiuency  ^  is  shown  in  figure  2 


4.  CSI  ISSUES  IN  MULTIFLEX  SYSTEMS 

The  ECHOSTAR  DRS  (figure  3)  is  model. d  as  a  multifie  X  system  with  a  rigid  core 
body  and  two  flexible  solar  panels.  The  solar  panel  is  modeled  in  N  AST  RAN  using 
bar  and  membrane  finite  elements. 

The  satellite  is  initially  modeled  as  three  rigid  bodies.  A  PD  controller  is  designed 
to  slew  the  satellite  through  0  3  radians.  The  solar  panels  are  then  made  flexible  and 
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Figure  3:  EUROSTAR  DRS 

1=1  RP  3  1 


Figure  4:  Flex  due  to  Low  bandwidth  Control 


ar('  modeled  with  their  first  six  rantih'ver  modes.  Those  mo(.les  range  in  frequeney 
from  0. 1  t  to  2,b  Uy  Two  sim[>|e  I’D  controllers  of  bandwidth  t  r/s  and  )  ,t  r/s 
and  critical  damping  are  evaluated  in  the  multibody  simulation  smise.  The  effect 
of  till’  rigid  body  cotitrol  on  fh'X  is  evulent  m  figun's  I  an<l  ■’). 

Fosuppress  the  effectsof  panel  flexibility,  an  LQ(;  and  |)ole  |dacemetit  cnntroller  are 
designed  using  accelerometer  out  puts  and  moment  actuator  iti|)Ut.  The  responses 
are  shown  in  figures  G,  7.  and  !b  'Fhe  pole  placement  controller  achii'ves  fast 
slew  and  vibration  suppression  at  the  expense  of  high  cotitrol  gaiti  and  sensitivity. 
Fhe  LQ(;  control,  on  the  other  hand,  is  slower  but  is  also  less  sensitive  to  loop 
uncertainty.  The  availability  of  tools  such  as  CSDS  and  DCAi’  are  useful  for 
sitiiilar  design  and  analysis. 

1=2  RP  3  1 


F’igure  5:  Flex  due  to  high  Bandwidth  Control 


I 

L 


(  ontvolk'd  Structures  Interaction  / 


74 


Active  Materials  ami  Adaptive  Structures 


5.  SUMMARY 

This  work  addresses  some  key  CSI  issues.  Local  and  combined  controller  opti¬ 
mization  formulation  are  presented  with  examples.  Finally,  the  problem  of  slewing 
a  DRS  satellite  without  having  excessive  vibration  is  presented.  The  CSDS  and 
DCAP  software  lend  themselves  to  the  modeling,  design  and  analysis  of  such  prob¬ 
lems. 
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AHS'I’FAC'r 

Observation  spillover  of  undamped  distributed  structural  systems  could  be 
prevented  via  modal  Dltering  using  distributed  piezoelectric  corivolving  sensors. 
In  this  paper,  sensor  mechanics  of  spatially  distributed  piezoelectric  shell 
convolving  sensors  are  analyzed  and  results  presented.  The  theory  suggests  that 
the  sensor  sensiti-.ity  can  be  divided  into  two  components;  1)  the  transverse 
modal  sensitivity  and  2)  the  membrane  modal  sensitivity  in  which  the  former  is 
primarily  contributed  by  bending  strains  and  the  later  is  by  membrane  strains. 
Design  of  spatially  distributed  cosine— shaped  convolving  sensors  for  circular  ring 
structures  is  [iroposed  and  evaluated. 


1.  INTRODUCTION 

In  a  distributed  structural  control  system,  observation  spillover  can  introduce 
unstable  dynamic  responses  of  undamped  structures  (Meirovitch  fr  Baruh,  1983). 
I'here  are  several  techniques  to  reduce  the  observation  spillovers.  One  method  is  to 
use  spatially  distributed  modal  sensors  which  only  respond  to  a  structural  mode  or  a 
group  of  modes.  Busch— Vishniac  (1990)  also  proposed  spatially  distributed 
transducers  w'ith  sensor  and  actuator  applications.  Lee  and  Moon  (1987)  proposed  a 
distributed  piezoelectric  modal  sensor  design  for  a  flexible  beam  and  a 
oue-<limensional  plate.  Collins  et  ai.  (1991)  proposed  spatially  distributed  shaped 
piezoelectric  sensors  using  sine  functions  for  monitoring  beam  oscillations.  Tzou  et 
al.  also  derived  a  generic  distributed  piezoelectric  sensor/ actuator  theory  (1991)  and  a 
thin  piezoelectric  finite  clement  formulation  (1990)  for  distributed  sensation  and 
control  of  shells.  In  this  paper,  generic  distributed  piezoelectric  shell  convolving 
sensors  are  proposed  and  detailed  electromechanical  behaviors  (sejisoT  mechanics)  are 
analyzed  and  investigated. 


2.  DISTRIBUTED  SENSOR  MECHANICS 

In  this  section,  an  output  signal  equation  of  a  generic  distributed  shell  convolving 
sensor  is  derived  based  on  a  generic  piezoelectric  shell  theory  (Tzou  k  Zhong,  1990). 
This  concept  is  then  extended  to  distributed  convolving  ring  sensors,  (Due  to  page 

t  .  .  . 
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2.1.  Distributed  Shell  Convolving  Sensors 

It  is  assun.ed  that  a  generic  piezoelectric  shell  continuum  made  of  symmet  leal 
hexagonal  materials  is  used  as  a  distributed  shell  sensor.  Output  signal  is  measured 
across  the  top  and  bottom  electroded  surfaces,  i.e.,  the  transverse  direction.  .A  theory 
of  distrihtited  shell  convolving  senso'^s  is  derived.  For  a  distributed  piezoelectric  shell 
continuum,  it  is  assumed  that  the  electric— field  F.j  is  uniformly  distributed  over  me 

entire  electroded  surface,  'The  signal  output  V's  from  a  disiriluited  piezoelei,  ric  shell 
.vith  an  ('ffective  surface  electrode  z1  is 


where  is  the  capacitance;  h  is  the  thicknt'ss;  '33  is  the  dielectric  c.onstant;  Csi  is  the 
pie/ot'leclric  constant:  is  the  principal  strain  in  the  ith  direction;  .\.  is  Fame's 

constant;  and  Rj  is  the  radius  of  the  iih  coordinate  axis.  For  a  thin  piezoelectric  shell 
layer  hotirided  on  or  embedded  in  an  <'las{ir  shell  eonliunum  (Figure  I  ),  principal 
mechanical  strains  can  be  further  divided  into  membrane  strains  S°.  and  beiuling 
strains  kj..  ‘I’hus.  the  output  signal  of  a  shell  sensor  becomes 


Fig.  I  Spatially  distributed  piezooloetne  shell  sensors. 


1  he  inembratie  strains  amt  bending  strains  are  defined  as 
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,  _  1  ^  f  U  1  1  1  U  2  1  ^3 

A~{  dot  I  Ri  A~i  dcti  A  j  A2  R-2  ^  dot2 


(3) 

(4) 

(5) 

(6) 


where  Uj  is  the  displacement  in  the  ith  direction;  A,  and  A2  are  Lame’s  parameters; 

and  R|  and  R2  are  radii  of  in— plane  coordinate  axes.  Lame’s  parameters  Aj  and  radii 

of  curvatures  Rj  are  geometry  dependent,  e.g.,  A,  =  A2  =  1  and  R|  =  R2  =  w  for  a 

rectangular  plate.  Thus,  the  sensor  equation  can  be  further  simplified  according  to 
the  geometries. 


It  can  be  observed  that  the  total  output  is  contributed  by  both  membrane  and 
bending  strains  experienced  in  the  piezoelectric  layer.  Thus,  two  output  sensitivities; 
1)  transverse  modal  sensitivity  and  2)  membrane  modal  sensitivity  can  be  defined 
accordingly  and  these  two  sensitivities  are  applied  to  distributed  piezoelectric  sensors. 
In  general,  transverse  modal  sensitivity  is  defined  for  transverse  natural  modes  and 
membrane  modal  sensitivity  for  in-plane  natural  modes.  Distributed  piezoelectric 
shell  layers  placed  on  the  neutral  surface  can  only  be  used  as  membrane  sensors. 
Note  that  the  generic  piezoelectric  shell  is  fully  covered  with  conducting  electrodes  on 
the  top  and  bottom  surfaces.  Besides,  the  external  electric  charge  induced  effect  C,jh 

is  still  included,  which  should  be  neglected  for  sensor  applications.  Since  Q3/R1  <<  1 
and  a3/R2  <<  1,  they  can  be  further  neglected,  too.  In  the  later  derivations,  the 
surface  electrodes  are  spatially  shaped  and  the  electric  polarization  is  also  altered  in 
order  to  design  generic  shell  modal  sensors. 


It  is  assumed  that  the  piezoelectric  shell  thickness  is  constant.  For  a  spatially 
distributed  piezoelectric  shell  convolving  sensor,  a  weighting  function  W(qi,q2)  and  a 
polarity  function  sgn[U3(Qi,a2)l  be  added  to  the  generic  shell  signal  equation. 
■Vote  that  sgn(-)  denotes  a  singum  function  used  to  change  the  piezoelectric  polarity, 
which  sgn(-)  =  I  when  (■)  >  0,  0  when  (•)  =  0,  and  —1  when  (•)  <  0;  and  113(01,03) 
denotes  a  modal  function.  Electrode  shape  (or  sensor  shape)  can  be  designed  by  using 
a  weighting  function,  W(q  ,02).  Consider  a  one— dimensional  structural,  e.g.,  beam, 
ring,  arch,  etc.,  the  mechanical  strains  are  functions  only  one  coordinate,  say  O). 

Thus,  membrane  strains  S°i,  S22  and  bending  strains  kn,  k22  can  be  described  as 
functions  of  coordinate  Oj,  i.e.,  W(oi,Q2)  =  W(oi).  The  sensor  equation  can  be 
written  as 


\ 


W(o,)sgn[U.,(a,)]  (h(S‘;,+S°2) 

+  -^(h^-h^)(k;j+kj2)j  AjA2(1+  ^)(1+^)  do,  , 


(7) 


where  hi  and  h2  are  the  distances  measured  from  the  neutral  surface  of  the  shell  to 
the  top  and  bottom  surfaces  of  the  distributed  piezoelectric  sensor  layer,  respectively. 
This  theory  is  applied  to  distributed  convolving  piezoelectric  ring  sensors  in  the  next 
section. 
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2.2.  Distributed  Convolving  Ring  Sensors 

Distributed  cosine  shaped  piezoelectric  convolving  modal  sensors  are  designed  and 
analyzed  for  flexible  ring  structures.  Transverse  modal  sensitivity  for  transverse 
natural  modes  and  circumferential  modal  sensitivity  (equivalent  to  membrane  modal 
sensitivity  in  shells)  for  circumferential  natural  modes  are  defined  and  discussed.  For 
a  ring  structure,  the  Lame’s  parameters  are  .4i  =  1  and  A2  =  R.  The  radii  of 
curvatures  are  Ri  =  oc  and  R2  =  R.  The  modal  equations,  circumferential  modes; 
u,)((?,t)  and  transverse  modes;  03(0, t),  for  a  free-floating  ring  arc 


X 

^  A„sin(n^-  9?)  ,  (8) 

n  =  C 

X 

^  77„(t)  B„cos(ntl-  ¥:•)  ,  (9) 

II  =  V 

where  r?(t)  denotes  the  modal  participation  factor,  or  modal  coordinate;  p  is  an 
arbitrary  phase  angle;  and  and  are  constants.  In  the  following  derivation,  it  is 

assumed  that  a  reference  point  is  defined  so  that  the  phase  angle  ^  =  0.  Based  on 
modal  orthogonality,  the  sensor  shape  function  W(a)  can  be  designed  as  a  cosine 
function; 

=  bco.s{ktl)  ,  (10) 

where  b  is  a  weighting  factor.  Substituting  WJH)  into  the  sen.sor  equation  gives 

V3  =  -  j^^^sgn(cosntl)|h(kA,^^+B^^)+  ^(h^  -  h^)(kA|^^4-k2B^ ^)|  r;|,(t),  (11) 

where  and  B|j  are  respectively  the  circumferential  and  transverse  modal 

oscillation  amplitudes  of  the  kth  transverse  natural  mode  with  natural  frequency 

.\)j  and  Bjj  are  the  circumferential  and  transverse  modal  amplitudes  of  the  kth 

circumferential  natural  mode  with  natural  frequency  Thus,  the  first  part, 

membrane  strains,  is  primarily  contributed  by  circumferential  modes  with  amplitudes 
.\((  and  B|j  ;  and  the  second  part,  bending  strains,  is  contributed  by  transverse  modes 

with  amplitudes  .\^  and  B^  .  The  modal  amplitudes,  either  A|j  /B,,  or  .A^^/B],^,  are 

coupled  by  a  constant  (Tzou  &  Zhong,  1991).  (Note  that  denotes  the  effective 

electroded  area  and  A|^  is  a  constant  for  the  kth  mode.)  k^  denotes  the  transverse 

mode  and  k2  the  circumferential  mode  for  n  =  k.  Thus,  two  modal  sensitivities;  1) 

transverse  modal  sensitivity  and  2)  circumferential  modal  sensitivity  can  be  defined. 
Kach  of  the  sensitivities  can  be  further  divided  into  two  component  sensitivities 
defined  in  terms  of  either  transverse  or  circumferential  oscillation  amplitudes.  The 

transverse  modal  sensitivities  Sj  and  respectively  defined  by  the  transverse 

oscillation  amplitude  B^  and  by  the  circumferential  oscillation  amplitude  .A;,^  of  the 
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distributed  sensor  arc 


(12) 

(13) 


rhe  circumferential  modal  sensitimties  and  respectively  defined  by  the 
transverse  oscillation  amplitude  and  by  the  circumferential  oscillation  amplitude 
A;,  arc 

^|h(k>+,)|,  (14) 


Thus,  for  bending  oscillation  where  transverse  modes  dominate,  S'  should  be  used  to 

estimate  oscillation  amplitude.  On  the  other  hand,  for  circumferential  oscillations,  S'' 
IS  used.  Figure  2  illustrates  a  spatially  distributed  ring  sensor  for  the  mode  k  =  2. 


Fig. 2  A  spatially  distributed  piezoelectric  ring  sensor. 


3.  SUMMARY  AND  CONCLUSIONS 

In  this  study,  generic  distributed  piezoelectric  shell  convolving  sensors  were  proposed 
and  detailed  sensor  mechanics  were  analyzed.  It  was  observed  that  the  sensor  output 
is  contributed  by  membrane  strains  and  bending  strains  experienced  in  the  seu.sor 
layer.  Two  sensor  sensitivities:  1)  transverse  modal  sensitivity  and  2)  membrane 
modtd  sensitivity  can  be  defined  accordingly.  In  general,  the  transverse  modal 
sensitivity  is  defined  for  out— of^plane  transverse  natural  modes  and  the  membrane 
modal  sensitivity  for  in-plane  natural  modes. 
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Spatially  distributed  cosine  shaped  piezoelectric  convolving  sensors  were  designed  and 
analyzed  for  ring  structures.  Transverse  modal  sensitivity  for  transverse  natural 
modes  and  circumferential  modal  sensitivity  (equivalent  to  membrane  modal 
sensilmty  in  shells)  for  circumferential  natural  modes  were  defined  and  discussed. 
Proper  selections  of  piezoelectric  sensor  shape  and  convolution  can  provide  spatial 
modal  filtering  and  prevent  observation  spillover  in  distributed  control  systems. 
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Cyclic  fatigue  in  piezoelectric  ceramics 
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ABSTRACT 


This  paper  .summarizes  a  study  into  the  cyclic  fatigue  behavior  of  a  lead- 
7 i rconate - t i tanate  ceramic.  The  results  can  be  divided  into  two 
categories,  those  for  which  a  specimen  reached  a  temperature  >  200°C,  and 
those  which  were  restrained  to  lower  temperatures.  High  temperature 
cycling  was  shown  to  cause  macroscopic  crack  extension  and  extensive 
microcracking.  Lower  temperature  cycling  caused  minimal  crack  extension 
and  microcracking  only  near  indentations;  no  decrease  in  bend  strength  was 
measured  after  cycling.  There  was  no  effect  of  temperature  on  K||.. 


INTRODUCTION 

Actuators  and  transducers  made  from  piezoelectric  or  electrostrictive 
ceramics  will  be  key  elements  in  the  development  of  smart  materials  and 
systems.  Such  materials  must  operate  for  long  periods  under  cyclic 
voltage,  and,  consequently,  cyclic  strain  conditions.  Because  of  the 
susceptibility  of  all  brittle  materials  to  catastrophic  failure,  an 
understanding  of  failure  mechanisms  is  an  essential  prerequisite  to 
mechanical  reliability  of  these  materials.  Although  fracture  of 
piezoelectric  materials  has  been  studied  under  static  conditions'"^,  little 
is  known  of  their  response  to  cyclic  loading. 

Lead  zirconate  titanate  (PZT)  is  a  ferroelectric  and  piezoelectric  ceramic 
material  with  applications  as  ultrasonic  transducers  or  actuators.  The 
static  mechanical  properties  of  PZT  have  been  studied;  effects  of 
environment'  ^  and  electric  field^  on  crack  growth  in  PZT  and  lead 
magnesium  niobate^  (PMN)  have  been  explored.  Some  effects  of  cyclic 
loading  on  the  strength  of  PZT^'*'^  have  been  determined. 

Recently,  we  have  investigated  the  behavior  of  cyclically  loaded  PZT  by 
direct  observation  of  crack  extension  caused  by  the  application  of  a 
cyclic  electrical  field.  The  results  of  this  research  are  reported  in 
detail  in  References  8  and  9,  This  paper  summarizes  the  findings  of  this 
study . 
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EXPERIMENTAL  PROCEDURES 

The  material  used  in  this  work®'*  was  a  commercial*  PZT-8  in  the  shape  of 
bars  =  70  X  12.6  X  6  ram,  poled  perpendicular  to  the  70  x  12.6  mm  faces. 
Typical  grain  sizes  were  1-6  lun.  Figure  1  shows  schematics  of  the  test 
apparatus  and  test  specimens.  Cyclic  loading  measurements  were  made  on 
the  bars  after  one  of  the  70  x  6  mm  surfaces  had  been  polished  to  a  6  ^m 
diamond  paste  and  a  10  N  Vickers  indentation  had  been  placed  into  the 
center  of  the  polished  surface,  oriented  so  that  the  radial  cracks 
generated  by  the  indentation  were  aligned  parallel  and  perpendicular  to 
the  specimen  sides.  In  this  way  we  could  directly  observe  the  effect  of 
cyclic  voltages  on  crack  extension. 


Bectrode 


(b) 


Figure  1.  (a)  Schematic  of  cyclic  loading  apparatus.  The  specimen 

is  driven  at  resonance  frequency  by  a  tunable  signal  generator.  Current 
through  the  specimen  is  determined  by  the  voltage  across  precision 
resistor.  (b)  Specimen  for  cyclic  loading. 


A  function  generator  supplied  a  sinusoidal  driving  voltage  (50-200 
*peak  to-peak^  specimen  at  a  frequency  chosen  to  excite  the 

longitudinal  resonance  of  the  bar  (f  =  23  KHz).  The  resultant  electrical 
fields  were  10  to  50  times  smaller  than  typical  fields  used  to  drive  PZT . 
The  specimen  was  mounted  in  series  with  a  precision  1  f)  resistor  to 
provide  a  measure  of  the  current  at  resonance.  A  copper - constantan 
thermocouple  was  attached  to  the  surface  of  the  specimen.  A  video  camera 
attached  to  an  optical  microscope  was  used  to  record  crack  extension  and 
changes  in  the  appearance  of  the  specimen  surface  near  the  cracks. 

Heating  of  the  cyclically  driven  specimens  was  by  internal  friction  during 
excitation.  Consequently,  specimen  temperatures  varied  between  room 
temperature  (RT)  and  some  maximum  value  during  each  period  of  excitation. 
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RESULTS  AND  DISCUSSION 

Figure  2  is  a  typical  plot  of  crack  extension  as  a  function  of  excitation 
time  for  specimens  in  which  the  temperature  was  allowed  to  reach  =:200“C. 
The  symbols  indicate  measurements  made  while  the  specimen  was  at  rest 
after  excitation.  Crack  extension  is  not  uniform  with  time  but  occurs  in 
distinct  increments,  and  appears  to  be  equivalent  in  all  directions.  From 
the  symmetry  of  the  loading  geometry,  we  would  have  expected  the  maximum 
tensile  load  across  the  crack  tips  to  be  exerted  on  cracks  which  are 
oriented  in  the  +y  directions  i.e.,  perpendicular  to  the  longitudinal 
axis  (see  Fig.  lb).  In  fact,  the  bars  that  failed,  broke  precisely  in  this 
manner;  through  the  center  of  the  bar  perpendicular  to  the  long  axis. 


Figure  2.  Crack  extension  plotted  as 
a  function  of  excitation  time  for 
all  four  radial  cracks  for  specimen 
allowed  to  reach  =200°C.  Crack 
extension  is  independent  of  crack 
direction,  although  only  cracks  in  the 
+y  direction  were  expected  to  be 
loaded.  Symbols  indicate  crack 
extension  in  the  (D)  +y,  (-!■)  -x, 

(*)  -y,  and  (A)  +x  directions. 


Specimens  for  which  temperatures  were  maintained  at  ~  80°C  behaved 
differently  from  those  reaching  200°C  (Figure  3) .  For  a  cumulative 
excitation  time  <  20  minutes,  the  specimen  temperature  was  kept  <80°C, 
during  which  time  no  crack  extension  occurred.  As  the  temperature 
increased,  cracks  grew  slightly.  After  25  minutes  at  T<86°C,  the  specimen 
was  again  excited  and  the  temperature  was  allowed  to  rise  without 
restriction.  Upon  reaching  lOA’C  (1.1  minutes  of  continuous  excitation), 
the  specimen  failed.  This  behavior  was  reproduced  in  three  specimens; 
after  cumulative  excitation  periods  of  =20  minutes  with  maximum 
temperatures  =80°C,  specimens  failed  within  =1  minute  of  continuous 
excitation  (100°C<T<110°C) .  Specimens  in  which  temperatures  were  allowed 
to  rise  to  =200°C,  without  undergoing  20  minutes  of  low  temperature 
excitation,  survived  well  over  an  hour  of  cumulative  excitation  time 
before  failure.  Therefore,  excitation  at  the  lower  temperatures  generates 
some  type  of  damage  leading  to  failure  as  the  specimen  is  allowed  to  warm 
above  100°C.  It  should  be  noted  that  determination  ^f  critical  fracture 
toughness  by  an  indentation-strength  technique'®  at  both  RT  and  150°C 
showed  this  parameter  to  be  1,3  MPara'^,  independent  of  temperature®. 
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Figure  3.  Crack  extension  as 
function  of  time  for  specimen 
maintained  at  T<86°C,  After  25 
minutes  cumulative  excitation  time 
at  these  temperatures,  the  specimen 
was  excited  without  regard  to  the 
temperature.  At  T^'C,  the  specimen 
failed. 


Optical  microscopy  of  the  crack  structure  for  a  specimen  in  which  the 
temperature  exceeded  200°C  shows  a  wandering  crack  path,  mottled  regions, 
and  crack  bridging.  Mottled  regions  are  seen,  particularly  in  the 
vicinity  of  the  crack  bridges  and  grains  which  are  partially  surrounded  by 
the  cracks.  In  addition,  the  mottling  Invariably  appears  in  a  very 
pronounced  fashion  in  the  vicinity  of  the  indentation  impressions  and 
often  in  the  vicinity  of  large  pores.  Frequently,  though  not  always, 
mottled  regions  exist  adjacent  to  the  cracks,  extending  as  the  cracks 
extend.  The  existence  of  the  mottling  around  indentation  impressions 
leads  us  to  believe  that  the  mottling  may  be  related  to  surface  damage  in 
which  the  grains  are  twisted  out  of  the  plane  of  the  specimen's  polished 
surface,  For  those  cases  in  which  the  mottling  parallels  crack  extension, 
it  is  not  possible  to  state  whether  the  surface  damage  or  the  crack 
extension  is  the  precursor;  because  no  measurements  can  be  made  during 
excitation  of  the  specimen,  only  the  final  condition,  in  which  both  the 
mottled  regions  and  the  cracks  have  extended,  can  be  observed.  In 
addition,  while  many  of  the  ctacks  do  not  appear  to  be  adiacent  to  surface 
damaged  regions,  there  have  been  observed  instances  in  which  a  mottled 
region  appeared  and,  later,  a  crack  appeared  running  from  one  edge  of  the 
mottled  region  to  the  other.  Consequently,  there  appears  to  be  a  relation 
between  the  mottled  regions  and  crack  extension,  but  both  the  details  of 
the  relationship  and  Che  identification  of  the  mottled  regions  are 
presently  unknown. 

SEM  micrographs  showed  no  evidence  of  cracks  on  the  2-10  pm  size  range, 
which  might  be  expected  if  microcracks  around  the  grains  were  to  coalesce 
into  macroscopic  cracks.  Similarly,  no  indication  of  the  mottled  regions 
was  found  in  the  SEM;  i.e.,  no  microcracked  regions,  no  changes  in 
apparent  surface  roughness,  and  no  compositional  variations.  In  addition, 
SEM  images  of  the  etched  surfaces  were  unable  to  detect  domain  structure 
in  the  specimens.  X-ray  diffraction  measurements  of  the  polished  and 
fractured  surfaces  indicated  that  the  domain  structure  of  all  fracture 
surfaces  (for  cyclic  and  4-point  bend  loading)  was  randomized  but  that  the 
remaining  portions  of  the  specimen  retained  substantial  poling.  Lack  of 
focus  made  it  impossible  to  restrict  interrogation  of  the  specimen  to  the 
vicinity  of  the  critical  flaw  to  determine  if  slow  crack  extension  also 
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affected  domain  orientation. 

TEM  observations  that  cracks  are  present  in  both  the  low  and  high 
temperature  specimens  and  the  absence  of  any  detected  cracks  in  the  as- 
received  material  indicate  that  microcrack  generation  during  cyclic 
loading  is  one  form  of  the  distributed  damage  generated  during  cyclic 
loading.  The  difference  in  microcrack  density  and  distribution  between 
the  low  and  high  temperature  specimens  may  provide  an  important  clue  as  to 
the  macroscopic  crack  growth  behavior  of  the  two  types  of  specimens.  At 
high  temperature,  cracks  are  generated  in  pockets  distributed  fairly 
uniformlv  throughout  the  high  stress  region  of  the  specimens.  However, 
the  pockets  are  isolated  from  each  other  and  do  not  appear  to  interact. 

The  presence  of  these  pockets  may  account  for  the  sporadic  crack  extension 
described  previously^  in  the  high  temperature  specimens  as  well  as  for  the 
crack  growth  in  all  directions  from  the  indentation.  Cracks  in  the  high 
temperature  specimen  would  not  be  expected  to  grow  for  values  of  Kj  less 
than  Therefore,  if  pockets  of  microcracks  form  near  the  tips  ot  the 

radial  cracks  from  the  indentation,  the  radials  still  would  not  extend 
until  the  combined  stress  irstensities  at  the  radial  crack  tip  from  the 
radial  crack  and  one  of  the  microcracks  reached  Kj^..  At  that  point,  the 
radial  crack  would  extend  discontinuous! y  the  distance  of  the  connected 
raicrocracks  in  ti)e  particular  pocket.  After  this  extension,  no  further 
crack  extension  would  be  expected  until  another  set  of  microcracks  was 
created  near  the  radial  tip.  Since  the  pockets  of  microcracks  seem  to  be 
generated  fairly  uniformlv  over  the  high  stress  region  of  the  specimen, 
this  type  of  crack  extension  could  occur  at  any  of  the  radials,  resulting 
in  a  discontinuous  ext.orision  of  each  of  Che  four  cracks.  The  race  of 
crack  extension  would  be  limited  bv  the  rate  at  which  microcracked  regions 
intercepted  tlie  crack  front;  as  the  roicrocrack  densicv  became  greater,  the 
crack  growth  rate,  on  average,  would  appear  to  increase. 

TE.H  observations  oi  the  low  temperature  specimen  suggest  that  microcracks 
in  these  specimens  do  tiot  link  up  to  form  a  larger  flaw  but  form  a  dense 
cloud  arotind  t  lie  i  iideittal  i  on  during  cyclic  loading.  When  the  temperature 
'  T'.'.'voa.ses .  after  the  cloud  oi  microcracks  has  been  generated,  the 
microcrack.s  evidetitlv  link  up  with  the  radial  cracks  from  the  indentation, 
iorming  a  critic:al  Maw  which  results  in  catastrophic  failure. 

SUM.tiARY 

The  iracture  beliavior  of  PZT  -  8  was  investigated  under  cyclic  loading  at 
temperatures  below  SS'C  and  above  IjO°C.  Crack  extension  was  seen  for 
specimetis  loaded  at  -/100°C  while,  for  specimens  loaded  at  T  <  SO^C, 
minimal  crack  extension  was  observed.  However,  specimens  excited  at  the 
lower  temperatures  experienced  an  unidentified  accumulation  of  damage 
which  resulted  in  immediate  failure  when  the  specimens  were  driven  at 
temperatures  above  lOO'C,  Crack  extension  in  specimens  excited  at  the 
higher  teraper.i'ure  could  not  be  attributed  to  environmentally  enhanced 
fracture.  In  addition,  increased  crack  extension  rate  with  increased 
cumulative  excitation  time  in  the  higher  temperature  specimens  implied 
po.ssible  damage  accumulation  at  those  temperatures  as  well  as  at  the  lower 
temperatures . 
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i  ransniissioii  cicctrun  microscopy  study  of  domain  wall  structures  in 
antiferroclectric  materials 


Marc  Do  (Jraef,  .lanus  S.  Sfx'ck  and  David  R.  Clarke 

MattM'ials  I )<'part infant .  I  'nivrrsity  of  (’tilifornia,  Santa  Barbara.  CA  93in(S 


Ahsfrat’t.  I  he  antife!T<*eie<-(nr  (Kniiain  structure  of  a  tetragonal  Sn-cloped  VIj'//]  ce- 
rami<'  was  studied  by  tneaiis  of  t |•ansmissi^m  ele<*lron  nu<Tos<*opy  ( TKM).  The  varii>us 
domain  walls  were  identified  on  the  basis  of  a  tetragonal  tinit  <  ell  with  c/a.  =  IJ.993. 
Additionally.  <'i  long  peri<»d  modtilation  was  observed  along  the  <  1  lU  >  directions  (cu- 
bi<  imiexing).  I  fie  temperature  dependence  <.)f  the  long  perio<l  modulation  and  high 
resolution  <if)servalions  are  presented. 


1.  Introduction 

D'rrodcrf ric  aiit ifcrroclccl  rir  (FK  AFK)  transiiions  in  ccramir  inalcrials  lead  to 
desirable  eb'ct  roinerhanical  proix-rt  i('s  for  the  fonslrurtion  of  energy  convertors  and 
actuators.  One  such  system  is  tlx'  solid  solution  l’b(Zr.Sn.Ti lOa  (Isltchuk  1987). 
rite  addition  of  Fa  or  Sn  berth  widen  the  AFF  pliase  region  of  the  pseudo-binary 
PZ  1  system  and  cause  a  “diffuse  phase  transition"  to  take  place  between  the  FK 
am  I  AFF  states;  this  transition  ran  be  induced  by  ti'mpi'rat  ure  variations,  electric 
fields  or  ajrplied  mechanical  stresses. 

Sn-dopi-d  PZ'F  ceramics  can  be  tailored  to  exhibit  a  phasi'  transition  which 
IS  iH'arly  independent  of  temperature.  According  to  Jaffe  et  al  (1971),  in¬ 
creasing  the  Sn-conti'iit  while  maintaining  a  constant  Fi/Zr  ratio  causi-s  the 
low  t('mperat  uri'  rhombohedral  p'- ise  to  be  replaced  by  a  tetragonal  antifer- 
roelertric  [ihase.  I'he  domain  structures  in  these  materials  are  complex  and 
reipiire  further  characterizatimi.  In  a  study  on  a  related  Sn-doped  material, 
a!i([(  Zc]  ),  asA  f>ii  (with  x=0,03  and  y=0,2())  a  jieriodic  one- 

dimensional  nuxiiilation  of  tlx'  .AFF  phase  was  reported  (Chang  1985);  these  inves¬ 
tigators  mterfireted  the  nxxliilations  to  he  anti-phas*'  boundaries  in  the  AFF  order 
of  cation  displacements. 

I  he  present  paper  reports  on  room  temperature  ami  low  temperature  FFM 
observations  of  domain  stiuctiires  in  a  compound  with  nominal  composition 
( /’Cl  ,7 7(7,1  irj)( Zcd  .-.ri.Vnn  ,)r,77n  iii)Ca  (PFSnZ'F).  The  room  teni|x'rature  ('(piilib- 
riiiiii  structure  of  this  material  is  believefi  to  be  tetragonal  antiferroelectric. 
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I ii^lt r('  I  '  ;i)  I  .\[»rriniriitai  [  ‘  - <  in  \c  for  [ ‘I.Sii/  I  :  t tio  rxl i ln>;l)  corrriNi'  fioKJ  of  .'..1 

M  \  /  or  li )  1  ,|o.'t  Ion  inif  I  u.i;rnpli  (dai  k  fiold  (I  lUf-rofIrct  ion)  ^Innvin^  n  I  \  pii'n)  don  min  [»al  Umii  in 
a  rain  rlo>o  to  tin'  [l )(i  1 1  /on*-  a\i>  ori<'ni .at ion;  a  ln'<  k('rl><»ard  pan nrn  ( i )  .tnd  a  /<’ bra- like  r<aiion 
(  J)  arn  itniioat'  tl.  I  hr  f.iitit  i  onti.ixl  in  tin'  inlcrtni'dial<-  liand>  i>  'Inn  to  ion  inillinf;  danmnn.  1  In' 
vat  tons  rioniain  >xalU  a, It  ainl  <'  ari'  ilisc  ii>scd  in  i  In'  InM  . 


2.  ExpcriiiiPiital  (ilispvvatioiis 

lilt'  latliC'’  imf.'iiiH  t<Ts  I'l'tltf  trir;if;(itt;il  |)|ia.s<'  wore  <|(  lomiiin'il  hy  iiio.in^  tif 
\  ra>  |i"Wilor  ilillr.u  t  inn  junl  I  KM  :  a  -  l),822(l  imi  ainl  c  -  l).8lfit  mil,  nsiiliimj; 
m  a  tel  ratrnitalii  y  of  c/a  —  (Milk!  ami  a  ilnnMiiin  ,)('  tlio  .-tiKic  nnii  .-oil  ttloiijf  iho 
t-lnld  (liroi'i  II  nm.  I  lie  t  .\|.ortitioi)i;i|  (’-  K  iiirvo  is  shown  in  T  ty,,  la;  the  ooerciNo  liehl 
IS  very  hiftli.  '"i  1  M\  /m,  I  Itiii  so('iion>  for  I  KM  ohsorvai  tons  wore  proiiari  il  tisiiin 
t  ho  stamlard  s[nTimon  [iroparat  ton  tocItiiKpios  (dnn|)lini;  and  ton  milliiM). 

/.  ( 'on  rr  It  I  loll  al  ihilioii  in  n  insi  o/ii/ 

,\l  rnoiii  I  oiii|n'rat  n  ro,  most  t;raii!s  show  ;i  dom.ain  |>.allorn  (  1  if;.  Ih)  with  roifioits 
which  oxlnltii  oilhor  a  (hoikorlio.ard  rrr  /oKra-liko  01)111  rasi  .aliornat  itij;  with  foal  lire'- 
loss  rollons.  .As  will  I  •  shown  fiirthor  on.  tho  /ohrtpliko  doiiiaiiis  show  a  oomplox 
iliirraot  ion  pattorii  v\  ,  s.itoHitcs  oorros|)on<linR  to  a  ntio-rlmi<'iisional  loti;;  |>oriod 
II lodiilat  ion .  I  hroo  ditlcTont  I  vjn's  of  di.cmain  walls  can  In' ohsorvotl  :  wit  Inn  a  dark 
rogion  of  tho  /ohra-  like  pat  t  oni.  two  orn'iitat  ion  v.-triants  of  tin'  tot  raffoiial  st  riiot  tire' 
altortiato  [lorindioally  with  a  (  1  1  ())-ty|)o  oont act  piano.  1  ho.si'  domain  walls  .are  in- 
dioatcd  |iy  tip'  symhol  a  m  Kij;,  Ih.  I{op;ions  with  tnodiihit  ions  porpoiidioiilar  to 
dillorc'iit  (11(1)  typo  |i|;  os  have  a  dilh'n'Ht  haokjoroiind  ititi'iisity  and  an- sc  paratt'd 
Ky  wavy  mtorlaoos  roiifolily  paralh'l  to  (l()())-typo  plant's  (itidiraloil  Ky  b).  f  inally. 
r<  t;ions  wlnro  tin'  poriodio  imnliilat  ion  oroiirs  aloiif,  (  I  1(1)  |)|ain's  which  aro  not  oloso 
t'c  the  lirani;  ornnlation  do  tint  show  any  modiilatod  oontrasl.  Iho  tot  rai;oiialily 
UPv.  s  ris<  111  ;i  small  orn  iitation  di'viation  across  tho  homidary  imiicatod  Ky  <•  which 
iliiroforc  oxhiKits  i'  frinf;i  contrast  (asytiiiin't  ric  l)ri,i;ht  liof  sytmnotnr  d.'trk  liohl 
Inny'  miat;'s). 

I  poll  cooliiif;  to  licjiiid  nitroj;i'n  lotn[ioral nro,  tho  lattice  paramotor  c|ocroa.sos 
aii'l.  III  .niditioii.  tin-  sii|n'rlat  t  ico  period  shortens  Ky  almut  o'/!.  fiRiiro  2a  shows 
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1  ililirr  '2  ,i)  I  .'Mipir.ii  111  <■ 'I'piri' I' rii  I  lie  lilt  I  ill- p-'riod  along  [l  Klj;  b)  [bU  I  j  sort  ion  of 

ri  '^ii/  I  at  tMiK  wii  h  t  Wo  III- .1  liilal  ion  illri'.  I  ion-' along  [  1  1 0]  anil  [I  lO] 


I  ho  tolui'i  rat  Ilf,  .li  poll  I  loll,- 1  Ilf  I  ho  sii  pt-rhu  I  in-  poriotl  M .  in  miiliipli's  of  a/v/?,  A 
!  \  p.|o  il  ,  1 0,1  r-  >11  >  liirr;p'i  i,  'ii  p.iiiorp  i  ;ikon  itlong  n  cm  In-  axis  is  siiovvn  in  1-  ig,  21  >;  two 
-  a  I  li,  lip  >11  1 1  I'll'  tiiaiii'ii  \.'tnani^  can  ho  nlisorvoil. 

A I  I,  >\\  1  I'll  iporai  It  f,  ,  III  a  carhou  co;itoil  s;un|>l<'.  I  In-  (Inina  in  innhility  iiiuliT  inllii- 
>  iico  1)1  I  h,  oloi  t  n  III  ho, am  i>  groai  ly  i-ulp'incod;  small  displaci'iiK'nis  of  I  In'  oh'ci  ron 
hoam  caiisi  a  cnmploto  roarr;iiigoiP' ill  of  tin'  donniins,  incinding  tlio  long  pi'riod 
'iiporlaliico  luodiihit  mils,  In  a  ,\ii/i’d  coated  samph- such  beam  (or  snriace  chargi-) 
induced  domain  wall  motion  could  not  he  observed.  It  is  im()ortant  to  noti'  that 
the  complete  modnhiti'd  structure  could  e.'isily  flip  from  oin'  orii'iitation  variant  to 
another.  No  evidence  of  a  rhombohedral  ferroelectric  phase  was  fonnd.  1  his  is  not 
.'iirprising.  considering  the  very  high  coi'rcive  field.  Controlled  in-sitn  ('h'ctric  lit'ld 
oxperinioiil s  on  this  material  have  proven  to  be  difficult. 

In  several  grains,  ,'t  dnniair  null  was  observed  ;it  hOK  in  a  carbon  coat('d 

s. ampio;  domain  walls,  exh ii)it  mg  t  In'  ty|>ic;d  fringe  dilfr.'icl  ion  cont  rasi .  wore  emit- 

t, 'd  from  a  lanlc''  defect  (|)ossil)|y  ;t  disloc;ii  ion)  in  a  periodic  manner,  very  similar 
to  I  he  wi  1 1-  known  1  rank  -  If  e.ad  s,  ,nrce  of  dislocat  itnis.  1  he  domain  walls  wer,-  ,'mit - 
i((l  from  die  defect,  migrated  through  the  grain  and  wen'  annihihitc'd  ;it  tmotln'r 
statioiP'iry  domain  wall.  Tin'  fre(|in'ncy  of  the  domain  wall  sonrci-  was  strongly 
dependent  on  the  intensity  and  position  of  the  electron  beam  with  n-spi'cl  to  tin- 
hit  I  ICO  defect  . 


2.2.  Ilii/h  n.^olulion  ([((iron  ni  nrnsc  (ijnj 

llinh  resolution  observations  along  a  cube  zi'iie  axis  show  two  dilh'rent  regions; 
the  midistorted  perovskile  lattice  ran  Ix' obsi'rved  in  1  he  t  limnest  sp,'rim('n  re<;ions 
(no  snporlallice  mo'liilal  ions),  [his  suggests  that  the  stability  ol  tl>e  nKxlnlai,'d 
pha.si-  IS  partially  (leti'rirhu'd  by  a  strain  component.  In  thickc'r  n'gions  (fig.  d) 
two  perpendicular  modulation  patterns  along  the  [110]  and  [110]  directions  can  hi' 
obsi-rved,  vvitli  a  (010)  inlerfaci'  plain'  si'parating  both  regions.  'I'ln-  rontacl  plane 
hi'twei'ii  the  bright  and  (lark  bands  within  one  variant  of  lh<’  modnlati'd  striictiin' 
is  (liffiise.  in  agreeiiK’iit  with  the  weak  intensity  of  the  higin'r  order  satellite  n-flec 
tons,  and  is  not  confined  to  a  single  (110)  type  jilain'.  i.e.  the  intensity  maxima 
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F  iglirP  •! :  High  rpsolution  fieri  rori  iiii<  rographs  of  a  [001]  orient  eel  f’LSnZ  I  t  hi  n  film;  I  he  i  hange 
from  [1  III]  to  [i  lO]  mo^liilat ion  flireriions  ran  he  (.ibservefi.  The  interfare  plane  is  almost  parallel 
to  (OIU). 


of  ttif  modulation  "waiKler"  along  the  (110)  piano.  Tin'  low  tomporalure  mobil¬ 
ity  of  the  lattice  modulation  undt't  infltionct'  of  the  electron  beam  pri'cludes  the 
possibility  of  compositional  fluctuations.  The  alternating  dark  and  bright  bands  in 
the  high  resolution  microgra|th  art'  most  likely  caused  by  the  ditferent  AFE  cation 
ilisplacements  in  both  lia  .ds:  sin  'e  anti-ph..  e  boundaries  usually  do  not  give  rise  to 
different  backgrotind  inti  sitiei)  on  either  side  of  iht'  interface  plane,  we  tentatively 
interpret  tht'  modulations  as  being  du  '  to  twin-relatt'd  arrangemt'nts  of  the  ration 
displaci'meiits.  For  a  full  intt'rjiretat ion  of  the.se  high  resolution  micrographs  llu' 
completi'  atom  coordinates  art  retpiirt'd.  including  the  AFE  displacement  pattern, 
lo  our  knowledge  tht'  ration  displacements  of  the  AFK  cell  arc  unknown  and  hence 
a  full  image  simulation  was  not  po.ssible. 


3.  Disenssioii  and  Coiie.lnsiou 

The  domain  structure  of  an  A  f  E  I’LSnZ'I  ceramic  is  com|)lex.  A  full  under¬ 
standing  of  the  electric  properties  (e  g.  the  high  coercive  field)  of  these  materials 
reipiires  a  detailed  study  of  the  AFF  ration  displacement  patti'rns  and  the  stable 
domain  wall  geometries.  Further  crystallographic  work  is  in  progress. 
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Conceptual  design,  kinematics  and  dynamics  of  swimming  robotic  structures 
using  active  polymer  gels 

M.  Shahinpoor 


Department  of  Mechanical  Engineering 

University  of  New  Mexico,  Albuquerque,  New  Mexico  87131 


ABSTRACT:  Discussed  are  the  structural  design,  kinematics  and  dynamics  of 
svnmming  of  autonomous  swimming  robotic  structures  which  utilize  an 
arrangement  of  electrically  controlled  polymeric  ionic  gel  muscles.  The  general 
structural  design  of  such  swimming  robotic  structures  is  considered  to  be  in  the 
form  of  a  submarine  structure  which  is  partially  encapsulated  in  an  elastic  or 
flexible  membrane  filled  with  a  counterionic  electrolyte  such  as  water+acetone.  In 
such  an  encapsulated  portion  of  the  robotic  swimming  structure  are  specifically 
arranged  polyacrylamide  or  PVA-PAA  polymeric  cylindrical  fibres  or  bundles. 
The  arrangement  of,  say,  polyacrylamide  fibres  is  such  that  it  is  capable  of 
generating  microprocessor -based  electrically  controlled  propagating  transverse 
waves  to  propel  the  partially  encapsulated  membrane  structure  in  any  direction 
and  in  any  desired  manner. 


1.  INTRODUCTION 

Kuhn(1949)  and  Katchalsky  (1949)  originally  reported  on  the  possibility  that 
certain  co— polymers  may  be  chemically  contracted  and  expanded  like  a  synthetic 
muscle.  As  originally  reported  by  Kuhn,  Horgitay,  Katchalsky  and  Eisenberg  (1950)  a 
three  dimensional  network,  consisting  of  polyacrylic  acid,  can  be  obtained  by  heating  a 
foil  of  polyacrylic  acid  containing  a  polyvalent  alcohol  such  as  glycerol  or  polyvinyl 
alcohol.  The  resulting  three-dimensional  networks  are  insoluble  in  water  but  swell 
enormously  in  water  on  addition  of  alkali  and  contract  enormously  on  addition  of 
acids.  Linear  reversible  dilations  and  contractions  of  the  order  of  more  than  500  per 
cent  have  been  observed  in  our  laboratory.  Furthermore,  as  reported  recently  by  Li  and 
Tanaka  (1990),  the  structural  deformation  (swelling  or  collapsing)  of  these  gels  is 
homogeneous  in  the  sense  that,  for  example,  for  a  long  cylindrical  gel,  the  relative 
changes  of  the  length  and  the  diameter  are  the  same. 

Polymethacrylic  acid  cross-linked  by  divinyl  benzene  copolymerized  in  niethanol 
exhibit  similar  properties,  as  shown  by  Kuhn,  Horgitay,  Katchalsky  and  Eisenberg 
(1950).  Chemically  stimulated  pseudo— muscular  actuation  has  also  been  discussed 
recently  by  De  Rossi,  Chiarelli,  Buzzigoli,  Domenici  and  Lazzeri  (1986),  Caldwell  and 
Taylor  (1990),  and  Segalman,  Witkowski,  Adolf  and  Shahinpoor  (1991). 

The  possibility  of  using  these  polymeric  gel  muscles  or  actuators  for 
mechanochemical  engines  and  turbines  was  originally  discussed  by  Steinberg,  Oplatka, 
and  Katchalsky  (1966),  and  Sussman  and  Katchalsky  (1970). 

Hamlen,  Kent  and  Shafer  (1965)  were  the  first  to  report  that  the  same  effect  can 
be  obtained  electrically.  In  this  case  a  voltage  is  applied  which  causes  the  solution  to 
become  either  acidic  or  alkaline  depending  on  the  direction  of  the  current  or  the  sign  of 
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the  voltage.  If  the  solution  becomes  alkaline  it  forces  the  gel  to  expand.  Otherwise,  the 
solution  becomes  acidic  and  the  gel  contracts.  Thus,  a  reversible  expansion  and 
contraction  of  the  fibre  is  obtained  with  the  application  of  an  electric  field.  Depending 
on  the  orientation  of  the  fibres  these  polymer  gels  may  also  undergo  reversible  bending 
in  an  electric  field  as  shown  by  Kurauchi,  Shiga,  Hirose  and  Okada  (1990).  In  the 
following  sections,  first  a  conceptual  design  for  such  autonomous  swimming  robotic 
structures  is  presented  followed  by  a  discussion  on  the  kinematics  and  subsequently 
dynamics  of  such  structures. 

2.CONCEPTUAL  DESIGN  OF  AN  AUTONOMOUS  SWIMMING  ROBOTIC  FISH 

Consider  a  prismatic  structure  of,  say,  rectangular  cross  section.  Assume  that  the 
on— board  batteries,  the  electronics,  the  EPROM  chips  and  microprocessors  are  housed 
in  the  volume  of  the  robotic  structure’s  head  as  shown  in  Fig.  1.  Attached  to  this  head 
is  an  elastic  or  otherwise  flexible  membrane  structure  filled  with  an  aqueous 
counterionic  electrolytic  solution  such  as  water+acetone.  The  membrane  is  considered 
to  be  wire-framed  by  means  of  elastic  strings  as  shown  in  Fig.  1.  A  large  number  of 
printed  wires  are  run  from  the  head  to  various  locations  on  the  inside  wall  of  the  elastic 
dielectric  membrane  where  they  are  connected  to  a  number  of  electrodes  also  printed 
inside  the  membrane  wall  as  shown  in  Fig.  2. 


Elastic  Membrane  Electronics  Wiring 


Figure  1—  A  proposed  design  for  an  autonomous  swimming  robotic  fish 


Top  View 


Batteries 


Figure  2—  Mechatronic  design  of  a  swimming  robotic  structure 
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Note  that  with  some  specific  arrangement  of  polymeric  fibres,  micro— processor— based, 
electrically  controlled  expansion  and  contraction  of  the  tail  portion  of  the  robotic 
structure  may  be  achieved,  thus  enabling  the  robotic  structure  to  swim  freely  like  a 
fish.  In  this  regard,  a  variety  of  induced  motions  may  be  achieved  ranging  from 
eel— like  to  normal  fish— like  propulsions  as  shown  in  Fig.  3  . 


Figure  3-  Comparison  between  the  wavy  motions  of  an  eel  and  a  fish 
(from  P.W.  Webb(1984)  with  permission) 

3  KINEMATICS  ic  DYNAMICS 

Referring  to  Figure  4,  below,  note  that  travelling  body  waves  may  be  generated  to 
move  the  partially— encapsulated  membrane  structure  from  the  membrane  head  where 
it  is  attached  to  the  robotic  fish  head  by  internally  activating  or  flexing  segments  of 
the  polymeric  muscles  which  are  floating  in  the  electrolytic  solutions  inside  the  elastic 
membrane. 

Thus,  a  travelling  wave  in  the  x  direction  is  electrically  created  such  that 

Y(s,t)  =  y(s)  sin(27r/i)  (s  -  v^t)  (1) 

where  y(s)  is  the  magnitude  of  the  travelling  wave  generated  by  electrically  flexing  the 
polymeric  muscle  at  various  locations  along  the  arc  length  s,  1  is  the  overall  length  of 
the  muscle,  s  is  the  arc  length,  v^  is  the  speed  of  the  propagating  transverse  travelling 

wave  in  the  x  direction  and  t  is  the  time.  Note  that  v^(s,t)  is  controlled  by  the  speed  of 

triggering  the  polymeric  muscles  to  flex  sequentially  along  the  arc  length  s.  Further,  it 
is  to  be  noted  that 

Vy  =  (d/dt)  Y(s,t)  =  Vy(s,t)  (2) 

is  the  component  of  the  velocity  in  the  y  direction  and  the  slope  of  the  muscle,  i.e,, 
(dY/dx)  is  controlled  electrically  such  that 

(dY/dx)  =  f(E.s,t) 

where  E  is  the  electric  field  strength. 


(3) 
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The  propulsive  forces  in  a  fluid  medium  can  be  either  by  resistance  forces  or  by 
reaction  forces.  Here  only  the  resistance  forces  are  considered  because  of  the  fact  that 
the  motion  of  polymeric  fins  and  muscles  is  very  slow.  Consider  an  encapsulated 
polymer  muscle  of  unit  length  1  and  width  b  moving  in  water  by  producing  travelling 
waves  that  effectively  propel  the  robotic  fish  at  a  velocity  of  U  as  shown  in  Fig.  4. 


tY 


Figure  4-  A  simple  model  for  a  robotic  fish  with  ionic  gel  muscles 

The  velocity  vector  v  as  a  function  of  the  arc  length  s  at  any  point  on  the  surface  of 
the  membrane  is  given  by 

v(s)  =  Vy)  (4) 

where  the  velocity  components  v^  and  v.^  are  related  to  the  normal  and  the  tangential 
velocity  components  v^  and  v^  by  the  following  equations  : 


’  '"n  1  _  I"  — sin  cos  0 
Vj  J  ~  [  cos  0  sin  0 

whero  0  is  local  slope  of  the  muscle  body  curvature  and  is  given  by 

tan  0  =  (dY/dx)  (6) 

The  normal  and  the  tangential  components  of  the  velocity  vector  in  turn  contribute  to 

pressure  drag  and  skin  friction  drag,  respectively.  The  differential  version  of  these  drag 

forces  can  be  written  as  dF  ,  and  dF.  such  that 

n’  t 

dFn  = -(^/2)  Cn  P  b  |v^l  v^  ds  (7) 

dFj  =  -(l/2)Cjpb  |v^|  v^ds  (8) 


where  and  are  the  pressure  drag  and  the  skin  friction  drag  coefficients, 

respectively,  and  p  is  the  density  of  the  fluid  medium.  The  differential  propulsion  thrust 
developed  can  be  calculated  as 

dF^  =  dFjj  sin  0  +  dF^  cos  0  (9) 


which  is  expanded  to 
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dF^  =  -(1/2)  [  Cj^|v^|v^sin(?+  CJvJv^cos<>]  ds  (10) 

Integrating  equation  (10)  over  the  entire  arc  length  s  yields  the  total  propulsion  thrust 
in  the  direction  of  U  as 


rl 


F^  =  -(l/2)pb 


C  |v  Iv  sinl?  +  C,  I V,  I  v,cos^  I  ds 
n '  n '  n  t '  t '  t  ' 


(11) 


As  far  as  the  dynamics  of  the  gel  itself  is  concerened  the  reader  is  referred  to  Scgalman, 
VVitkowski,  Adolf  and  Shahinpoor  (1991)  for  a  description  of  a  detailed  continuum 
theory  of  ionic  gels  In  order  to  control  the  motion  of  this  robotic  structure  by  an 
EPROM  or  a  microprocessor  chip,  one  has  to  find  a  relationship  between  the  force 
imposed  on  the  gel  by  the  electric  field  E  and  the  electric  field  strength  E  itself. 

The  solution  to  the  combined  kinematics— dynamics— continuum  mechanics 
equations  for  the  above  simple  structure  is  presently  underway  and  will  be  reported  in 
soon. 
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A  study  on  control  of  a  light  weight  robotic  system  using  piezoelectric  motor, 
sensor  and  actuator 


Zhen  Wu,  Xi;io-Qi  Biio.  Vijay  K.  Varadan  and  Vasundara  V.  Varadan 

DepartiTieiu  of  Engineering  Science  and  Mechanics.  Center  for  the  Engineering  of  Electronic 
and  Acoustic  Materials,  The  Pennsylvania  Suite  University.  University  Park.  PA  16X02 

ABS'I'RACT:  A  single  link  flexible  robotic  manipulator  having  a  actively  controlled  arm 
with  attached  piezoelectric  vibration  sensors  and  actuators  and  a  servo  controlled  travelling 
wave  type  piezoelectric  motor  as  driver  is  constructed.  By  using  a  simple  control 
algorithm,  the  manipulator  can  be  computer  controlled  to  move  to  a  progratned  destination 
very  quickly  and  smoothly,  with  the  settling  time  shortened  by  a  factor  of  approximately 
1/6(1.  This  "piezo-robot"  conceptually  achieves  the  goals  of  light  weight,  flexibility  and 
dexterity. 

1.  INTRODUCTION 

One  of  the  trends  in  the  evolution  of  robots  is  to  reach  the  goals  of  light  weight,  compliance 
tor  flexibilitv)  and  fast  response  in  robotic  manipulators  and  end-effectors  in  which  the 
drivers  are  self-contained.  However,  one  of  the  limitations  of  reducing  volume  and  weight  is 
due  to  the  mass  and  bulk  of  conventiona'  drivers  (i.e.  AC/DC  electric  motors,  hydraulic  or 
pneumatic  actuators).  Another  factor  is  that  heavy  and  stiff  manipulating  structures  must  be 
used  to  prevent  vibration  interferences  during  manipulating  operations,  because  the  sU'uctural 
deformation  of  flexible  links  severely  impairs  the  end-point  accuracy.  So,  many  robots  are 
"over  designed"  to  be  heavy  and  rigid,  even  though  the  actual  tasks  they  perfonn  are  paint 
spraying  or  welding.  This  paper  proposes  new  approaches  of  applying  small,  light  weight 
piezoelectric  sensing  and  actuating  devices  and  active  vibration  control  techniques  to  achieve  a 
light  weight  and  dextrous  robotic  arm. 

The  piezoelectric/ultrasonic  motor  operates  on  a  new  principle  of  obtaining  rotation  or  linear 
motion  from  specially  configured  ultrasonic  vibrations  inside  the  stator  generated  by 
piezoelectric  elements.  It  has  the  advantage  of  being  a  light  weight,  simple  structure,  fast  in 
response  for  starting  and  stopping,  direct  in  adaptability  to  low  speed  rotation  and  free  from 
magnetic  noise.  Several  Japanese  researchers,  for  example  Inaba  ct  al  (19X7).  lijima  et  al 
( 19X6).  Kuribayashi  et  al  ( 198.6)  developed  various  types  of  piezoelectric  motors  in  the  inid- 
XO's.  among  which  the  travelling  wave  type  motor  by  Inaba  et  al  is  most  applicable. 
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Piezoelectric  motors  are  being  used  in  automation,  robotics,  audio  and  visual  appliances. 
.Schoenwald  et  a!  ( 1988)  designed  a  mini  gripper  using  a  linear  piezoelectric  motor.  In  this 
paper,  a  servo  controlled  travelling  wave  type  piezo-motor  is  designed  as  a  lightweight  and 
de.xtrous  driver  for  the  robot. 

Research  on  the  control  of  tlexible  robotic  manipulators  has  become  a  hot  topic  in  recent 
years.  Many  theoretical  models  have  been  developed  and  some  primary  experimental  results 
have  been  published  (Biswas  and  Klafter  1988).  Most  of  the  work  is  based  on  control  of  the 
driver  (motor)  of  the  robotic  arm  to  achieve  smooth  and  precise  motion  of  the  arm  tip 
including  starting  and  stopping.  In  this  paper,  an  independent  lightweight  piezoelectric 
vibration  sensor/actuator  pair  is  attached  to  the  manipulating  structure  and  the  control  is  based 
on  active  damping  concept  (Sung  et  al  1989),  which  deals  with  any  kind  of  vibration 
interference  w  ithout  restriction  on  the  motor  speed.  The  lightweight  piezoceramic  sensors  and 
actuators  have  high  electromechanical  coupling  and  are  ideal  for  active  vibration  control. 

2 .  PIBZOfT.fXTRIC  MOTOR  A.N’D  ITS  SERVO-CONTROL 

The  strticttire  of  the  travelling  wave  type 
piezoelectric  motor  is  shown  in  Figure  I.  The 
stator "  consists  of  two  piezoelectric  elements 
I  piezoceramic  disks)  w  hich  convert  electrical 
energy  into  mecnanical  energy,  an  elastic 
element  (made  of  steel),  and  a  support  base. 

The  piezoceramic  disks  are  bonded  to  the 
elastic  element,  thus  the  electrically  induced 
strain  inside  the  piezoceramic  disks  causes 
ilefonnation  in  the  elastic  element  Specially 
configured  piezoelectric  elements  shown  in  Figure  2  leads  to  a  flexural  (bending)  vibration 
mixie  w  hen  an  alternating  electric  voltage  is  applied  at  the  frequency  of  modal  resonance.  Two 
phases  of  flexural  vibration  generated  individually  by  two  piezoceramic  disks,  are 
superimposed  into  a  travelling  wave  propagating  in  the  circumferential  direction.  As  the  wave 
advances,  the  surface  particles  of  the  elastic  element  move  in  an  elliptical  trajectory,  and  thus 
have  a  velocity  component  along  the  surface  opposite  to  the  wave  direction.  The  rotor,  which 
IS  pressed  on  the  stator,  picks  up  this  velocity  via  frictional  force  and  rotates  a  direction 
opposite  to  wave  propagation  in  the  stator  iSee  Figure  .^).  By  changing  the  direction  of  the 
travelling  wave,  the  motor  can  be  reversed. 

The  piezo-motor  has  a  simple  and  lightweight  structure  which  is  free  of  magnets  or  coils.  Its 
speed  is  several  hundreds  rpm,  which  is  directly  adaptable  to  most  robotic  applications.  It  also 


Fig.  1  .Structure  of  the  Piezoelectric  Motor 
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has  a  very  fast  response  (typically  within  10  -  sec.  or  smaller)  in  starting,  stopping  and 
reversing,  since  friction  force  works  as  a  brake  and  provides  a  holding  torque  when  the  motor 
is  off.  For  electromagnetic  motors,  the  braking  and  holding  torque  must  be  generated 
externally  by  a  complicated  electronic  circuit. 


Fig.  2.  fdexural  Mode  Vibration  in  Stator  Fig.  3.  Moving  Mechanism  ot  Rotor 


For  a  piezo-motor,  the  rotor  must  overcome  a  starting  torque  due  to  static  friction,  so  the 
motor  s[.ieed  cannot  be  linearly  controlled  by  varying  the  input  voltage,  like  for  a  DC  motor.  A 
new  method  of  modulating  the  input  power  by  a  square  wave  gating  signal  is  tried.  By 
suitably  choosing  the  period  (or  frequency)  of  the  modulating  signal,  an  approximate  linear 
response  of  the  motor  speed  w  ith  respect  to  the  duty  cycle  (percentage  ot  time  w  hen  the  motor 
is  switched  on  out  of  one  period)  of  thf  modulating  signal  can  be  obtained.  From  our 
e.xperiences.  a  low  modulating  frequency  is  suitable  for  the  control  ot  low  speed,  w  hile,  a 
high  modulating  frequency  is  suitable  for  high  speed  control.  A  closed-loop  servo  position 
control  system  which  consists  of  a  piezo-motor,  a  positional  sensor  (encoder)  and  a  PC 
controller  is  shown  in  Figure  4.  Although  the  piezo-motor  has  a  last  on/otl  response  w  ithin 


tens  of  milliseconds,  there  is  still  a  small 
amount  of  overshoot  when  the  motor 
approaches  its  destination.  To  avoiti  this 
overshoot,  the  position  control  strategy  is 
as  follows:  ( 1 )  let  the  motor  start  at  its  full 
speed  (set  duty  cycle  to  100  Cr );  (2)  when 
the  motor  gets  within  a  certain  distance  to 
the  destination,  reduce  the  motor  speed  by 
setting  a  lower  duty  cycle;  (3)  turn  off  the 
motor  when  the  destination  is  reached.  The 
distance  threshold  value  and  the  duty  cycle 
should  be  selected  depending  on  the  load 


Fig.4.  .Schematic  Diagram  of  Sen  o  ('ontrol 
System  for  the  Piezoelectric  Motor 


and  the  speed  of  the  motor. 
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3 .  ACl'IVE  VIBRATION  CONTROL  OF  ROBOTIC  ARM 

Most  manipulating  structures  for  robots  can  be  roughly  considered  as  cantilever  beams.  One 
end  of  the  beam  is  clamped  on  the  motor  shaft,  and  the  other  end  is  usually  free.  The  vibration 
interference  often  occurs  at  the  lowest  free  bending  mode  of  a  light,  tlexible  arm.  Active 
vibration  control  is  accomplished  by  a  sensor-actuator  feedback  loop.  The  displacement, 
velocity,  or  other  characteristic  signals  of  vibrations  of  the  structure  are  picked  up  by 
sensors,  then  the  actuator  produces  an  external  force  to  actively  suppress  the  vibration,  in 
response  to  the  signal  from  the  sensor. 

Figure  5  shows  the  feedback  loop  for  the  active  vibration  damping  for  a  cantilever  beam, 
piezoceramic  sensors  ( 13x9  mm)  and  actuators  (2,5x9  mm)  are  placed  on  both  sides  of  a 
cantilever  beam  (2,34x9  mm)  and  connected  in  parallel  (bimorph  arrangement).  The  sensors 
and  actuators  are  located  at  the  clamped  end,  where  the  curvature  of  the  defoniied  beam  and 
the  electromechanical  coupling  are  at  a  maximum.  The  constant  velocity  feedback  control 
algorithm  is  implemented  by  an  analog  control  loop.  The  output  of  the  .sensor  (conditioned  via 
a  current  pre-amplifier)  is  180°  out  of  phase  with  respect  to  the  vibrating  velocity  at 
resonance.  This  signal  is  fed  to  the  actuators  by  a  power  amplifier  and  thus  suppresses  the 
vibration.  The  band-pass  filter  picks  up  the  signal  of  the  mode  to  he  controlled  and  the  phase 
shifter  compensates  for  other  instrumental  delay  in  the  loop.  So  far.  only  the  first  bending 
(detlection  in  z-axis)  mode  is  controlled.  The  experimental  comparison  on  the  residual 
v  ibration  of  the  beain  w  ith  and  without  the  active  damping  are  shown  in  Figure  6.  When  the 
ami  is  subject  to  a  step  iiripulse,  the  vibration  amplitude  decays  exponentially  as  V=V()  exp  (  - 
ut).  The  damping  factor  u  is  about  0.17  for  natural  damping  (trace  a)  and  about  9.8  for 
actively  controlled  damping  (trace  b).  By  active  damping,  the  residual  vibration  is  neuualized 
within  0.4  second,  therefore,  the  settling  time  is  significantly  reduced,  which  can  even  be 
observed  by  the  naked  eye. 


Fig.  .3.  Block  Diagram  of  Active  Vibration 
Control  Feedback  Loop 


Fig.  6.  Expenmental  Results  on 
Active  Vibration  Control 
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4.  "PIEZO-ROBOT "  -  SUMMARY  AND  CONCLUSIONS 


A  single  link,  single  axis  flexible  robotic  manipulator,  basically  consists  of  a  flexible  aim  with 
the  piezoelectric  sensors  and  actuators  attached  and  a  servo  controlled  piezoelectric  motor  as 
the  driver  is  constructed.  The  unique  features  of  light  weight,  quick  response,  and  minimized 
residual  vibrations  and  settling  time  have  been  achieved  in  this  prototype  "piezo-robot"  as 
Nliown  in  Figure  7.  The  piezo-motor  is  40  mm  in  diameter,  and  12  mm  high.  It  weighs  only 
70  grams.  The  maximum  speed  is  600  rpm,  and  the  maximum  torque  is  0.07  N-m.  The  length 
tif  the  arm  is  about  25  cm,  and  the  weight  of  the  steel  arm  is  about  21.2  grams,  including  2.2 


grams  of  piezoceramic  pieces.  The  total 
weight  of  the  manipulator  is  only  about  100 
grams  (excluding  the  base  box).  This 
"piezo-robot"  is  controlled  by  a  PC 
computer  and  can  move  to  a  programed 
destination  along  a  programed  path  with 
tpiick  start/stop  response  and  very  short 
settling  time. 

In  conclusion,  the  two  approaches  proposed 
for  a  light  weight,  flexible  and  dexterous 
robot,  the  piezoelectric  motor  and  active 
vibration  control  using  piezoelectric  sensors 
and  actuators,  are  shown  to  be  feasible  in 
practise. 


Fig.  7.  Schematic  Diagram  of  Single 
Link,  Single  Axis  "Fhezo-robot" 
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B'xperimental  verification  of  a  nonlinear  based  controller  for  slewing  of  flexible 
multi-body  systems 


Farshad  Khorrami  Sandeep  Jain 

Control/Hubdlies  /i’im  arc/i  I.nbcjriitory 
School  of  hl(>(iri<;d  lji<',iiii'<'rino  ,V  ( 'oiii[)uIct  Scionco 
P()h/t(  ebnie  I  'ltirc  rsttij.  :i,l  l  Jnn  Stree  t 
Brooklyn.  .NY  1  I'.’Ol 


.•\BSTR.ACT 


In  this  paper.  I'.xpnrininiii  al  rc^i]ll>  lor  'lowiim  o!  a  dass  of  Ihwibh'  miilli-body  systcm.s  (i.e.. 
tlexiblp  noilti-Iin k  niano  •  '  ,;ors )  aro  '.riven.  tuo-link  (fcxi/i/c  .irni  has  hwn  developed  at  the 
('ontrol/Holiotic.s  Research  L.tlioi  aioi  v  (('RRI.i  .0  I’olviei  linic  nniversily.  The  manipulator 
has  l)('<>n  ih’.sien.’d  to  .^tinly  dillereni  i  onliitnraiion.v  li.e..  rigi<lily)  of  the  arms.  Thi.s  setup 
mimics  flm  behavior  of  deployabli'  or  eon  labh'  sp.ii  ec  rafts.  I'he  structural  frerpiencies  of  the 
setup  is  clustered  in  tin'  lou  frerpieio  y  i.in'r,e  .md  is  well  wihiin  the  control  bandwidth.  Fur¬ 
thermore,  t  his  system  is  nontninimniti  phase  due  to  noncolhicated  sensiti?  and  actuation.  The 
tionmitiiiiiutn  pha.se  property  limits  the  io  hievable  (nntrol  bandwidths.  These  characteristics 
are  present  in  itiatiy  lar”e  Ilexihle  strut  tnri's  and  rapid  retar"etting  and  pointing  systems. 
.\  twi.i-stage  controller  is  utili/.ed  for  vibration  dainpitig  and  end-elfector  trajectory  tracking 
of  a  t'.'.'o  link  flexible  iiianipulator.  The  irieasitretnents  utilized  for  vibration  .suppression  are 
obtaitied  through  accelerometers  moutited  on  the  tip  of  flexible  member.s.  The  real-time  com¬ 
puting  jniui'r  i.s  [irotided  by  .a  iligital  signal  processing  board  (  IMSd'JOCdO  based)  capable  of 
:i:l  Mllops. 


I.  INTRODUCTION 


Due  to  earth-based  anil  space  based  a|>plications.  much  altentioti  has  been  given  to  mod¬ 
eling  and  control  of  Ilexihle  tiiulti  hotly  systems.  INirl  hermore,  stutlies  on  articulated  elastic 
multi  hotly  systems  alsti  enhance  the  knov.leilge  in  ( 'onl rol/St met u re  Interaction  of  large 
spare  structures.  It  is  crucitil  that  grtninil-based  experitnent;tl  stutlies  be  carried  out  on  active 
control  of  Ilexihle  multi-botiy  svstetn-  .onl  (lexible  strutiures.  W'e  htive  developed  a  set  of 
experimental  test  beds  to  sttitlv  t  he  Cont  rttl/.'s't  rut  t  uie  Interact  ion  in  flexible  .structures.  One 
of  the  test  beds  is  a  twtt-link  Ilexihle  iii.inipnlator  tiescribetl  iti  tnore  detail  later  in  the  paper. 

I’he  complication  in  controller  synthe-i-,  lot  multi-link  flexible  matiipttlators  is  due  to  the 
fact  that  the  input/state  ma|>  of  Ilexible-link  manipulators  is  not  externally  feedback  lineariz- 
.  ble  [1.  '2{.  In  addition,  the  dynamics  of  flevible-link  manipulators  are  much  more  complicated 
than  the  corresponding  rigid  link  manipidators.  .Not  only  the  distributed  parameter  nature 
of  the  dynamic.s  i.s  a  complication,  but  aDo  the  moving  boundary  conditions  at  the  tip  of  the 
flexible  links  connected  to  the  next  litik  are  major  difficulties.  Several  modeling  techniques 
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and  different  control  algorithms  have  been  proposed  for  flexible-link  manipulators  (  [3.  -1.  5.  6], 
to  name  a  fewj.  Several  approaches  for  nonlinear  and  linear  control  designs  are  bemg  pursued 
at  this  time.  The  advocated  controllers  are  being  implemented  on  a  two-link  flexible  arm 
developed  at  CRRL  at  Polytechnic  University. 

II.  EXPERIMENTAL  SETUP 

.\  two-link  robot  arm  with  replaceable  links  has  been  developed  (Figure  1).  Different 
configurations  (i.e..  rigidity)  can  be  studied  by  varying  the  lengths  and  the  thickness  of  the 
arms.  The  actuator  for  the  first  link  is  a  direct  drive  DC  motor  and  the  second  link  is 
actuated  by  a  geared  DC  motor  through  anti-backlash  gears.  Each  arm  is  instrumented  with 
piezoelectric  type  accelerometer  at  the  tip  and  several  strain  gages  along  the  link.  Furthermore, 
the  angular  positions  and  velocities  of  the  arms  are  measured  by  optical  encoders  atid  DC 
tachometers  respectively.  The  optical  encoders  for  the  first  and  sceond  joint  have  resolutions 
of  O.Oo  and  0.07.5  degrees  respectively.  The  second  joint  has  been  designed  to  be  lightweight: 
however,  air  cushion  support  is  available  for  the  joint  and  the  tip  on  a  grani'e  table.  .\t 
this  time,  the  tip  of  the  manipulator  is  only  supported  by  an  air  cushion.  This  will  provide 
torsional  stiffness  at  the  joint.  .-Ml  the  sensor.s  are  signal  conditioned  and  filtered  for  anti¬ 
aliasing  (the  cutoff  of  the  low-pass  filters  is  50Hz).  CCD  camera  is  also  being  mounted 
above  the  setup  to  provide  information  on  the  end-effector  tracking  iierformance  of  the  robot 
manipulator.  The  real-time  computing  power  for  the  experiments  is  a  digital  signal  processing 
board  (TMS320C30  based)  capable  of  33  Mflops.  The  DSP  board  communicate.s  directly  with 
three  other  boards  through  a  DSP  link.  The  other  three  board.s  are  1 )  3'2-clianne!  analog  input 
board  with  12  bit  .\/D  convereters.  2)  lb-channel  analog  output  board.  3)  a  custom  designed 
16-bit  digital  input/output  board  for  accessing  the  optical  incremental  encoders  on  the  joint.s. 


Figure  1:  Experimental  .setup  of  a  two-link  flexible  arm. 


III.  MODELLING  AND  MODEL  VALIDATION 

.\  detailed  derivation  of  the  dynamics  for  open  chain  kinematic  flexible  manipulators  was 
presented  in  [7.  3.  t^j.  The  appro<arh  advocated  in  [3]  was  the  extended  Hamilton's  principle 
to  obtain  the  integro- partial  differential  equations  representing  the  dynamics.  \'ariou,s  effects 
such  as  axiaJ  displacement,  shear,  torsion,  centrifugal  stiffening.  Coriolis,  and  gravity  were 
considered,  .-\  finite  dirnesional  approximation  of  the  model  through  finite  elements  or  assumed 
mode  technique  may  be  obtained.  The  generic  model  for  the  class  of  flexible  multi-body 
systems  are  as  follow.s: 
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where  q.  is  the  vector  of  the  rigid  body  variables,  qi  is  the  vector  of  the  flexure  variables.  M 
is  the  inertia  matrix,  /,.s  are  the  vectors  containing  Coriolis,  centrifugal,  gravitational  terms. 
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and  coupling  of  the  flexible  and  the  rigid  (joint)  variables,  K  is  the  diagonal  stiffness  matrix, 
Dr  and  Dj  are  viscous  and  structural  damping  coefficients,  and  u  is  the  generalized  inputs 
(torques)  to  the  system. 

At  this  point,  we  have  tested  the  individual  subsystems  in  the  setup  and  have  identified 
the  models  of  the  actuators,  .A  careful  model  validation  of  the  actuators  have  been  performed 
taking  into  account  the  effects  of  stiction.  Furthermore,  analog  velocity  loops  are  included  on 
the  motors  to  reduce  the  effect  of  stiction.  The  actuator  models  have  been  developed  through 
time-domain  (step  responses)  and  frequency-domain  (frequency  response)  techniques.  All  the 
subsystems  in  the  system  have  been  carefully  evaluated.  We  have  developed  a  simulation 
model  for  the  one-link  flexible  arm  which  matches  the  experimental  results  closelv.  At  this 
point,  we  are  developing  an  actual  simulation  of  the  two-link  (fle.x-flex)  experimental  setup 
by  including  the  eTects  of  the  anti-aliasing  filters  in  addition  to  all  the  actuator  and  sensor 
dynamics.  We  have  also  implemented  severtd  simple  feedback  control  algorithms. 

IV.  CONTROL  DESIGN 

A.  Input-Output-Slate  Properties 

The  class  of  systems  under  study  can  be  put  in  the  standard  form 

i  =  f{i)  +  9{x)u  (2) 

y  =  h(x).  (3) 

For  notational  simplicity  and  due  to  lack  of  space,  we  consider  the  dviidiuics  of  one-link 
flexible  arm  here.  However,  the  results  are  true  for  the  multi-link  case.  These  systems  are 
not  input/state  linearizable  under  a  nonlinear  change  of  coordinate  and  control.  However,  the 
input-output  map  may  be  linearized,  i.e., 

=  Zj 

iz  =  b{zi,Z2,r))-\- a(zx,Z2,ri)u  =  Ljh -i-  LjLfh  u 

r)  =  ty(zi,Z2,q)  (4) 

y  =  -I  (5) 

where  z  =  4>(x)  is  given  by  z;  =  h{x),  Z2  =  Lfh{z),  z,  -  d>,(i)  for  i  =  3,  ■  ■•,2p-i-  2  where 
p  is  the  number  of  modes  retained  in  the  approximation  d>,s  satisfy  Lgip,{x)  =  0  and  L/(.)  is 
the  Lie  derivative  of  (,)  in  the  direction  of  the  vector  field  f. 

It  is  well  known  that  the  zero  dynamics  play  an  important  role  in  .stabilization  and  output 
tracking  for  nonlinear  systems.  The  zero  dynamics  for  this  system  are  given  by  the  restriction 
of  the  evolution  of  the  system  on  the  subset 


n  =  {x  e  72"  I  h(x)  =  Lfh{x)  =  0} . 

Therefore,  the  zero  dynamics  are 

t?  =  V(0.0,r/).  (6) 

The  zero  dynamics  turns  out  to  be  asymptotically  stable  if  viscous  or  structural  damping  is 
assumed  to  exist  in  the  model  and  the  output  function  is  taken  as  the  joint  position.  However, 
if  the  end-effector  position  ( ot  acceleration )  is  chosen  to  be  the  output  function,  then  the  zero 
dynamics  of  the  system  is  unstable.  1  hereforc.  this  nonlinear  system  is  non-minimum  phase 
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and  due  to  this  fact  there  is  a  limitation  on  the  achievable  bandwidth.  This  will  bo  seen  later 
in  the  linear  analysis  of  the  arm  in  a  later  section. 

The  above  analysis  also  suggests  a  method  for  control  of  tlm  arm.  If  a  given  joint  trajectory, 
i.e.,  j/re/  is  to  be  tracked,  then  the  following  control  will  be  feasible 

u  =  [LgLfh(x)]-^[y^cj  -  L)h(x)]  (7) 

where  rj  is  found  as  the  solution  of 

P  =  Vlyref-i/rej.’l)- 

B.  Asymptotic  Perturbation 

.An  a.symptotic  e.xiian.siou  analysis  of  the  dynamics  of  the  multi-link  flexible  manipulators 
has  been  given  [3].  Utilizing  this  approach,  a  nonlitiear  ba.sod  controller  is  established.  The 
expansion  was  performed  by  embedding  a  stnall  parameter  in  the  distributed-parameter  model 
of  the  arm  and  performing  ati  aiymptotic  expansion.  The  small  parameters  are  (,  =  g  j' 
where  m,  is  the  mass  of  link  i.  E,I,  is  the  benditig  .stiffness  of  link  t.  and  L,  is  the  length 
of  link  i.  The  choice  of  these  parameters  signifies  that  as  the  link  becomes  shorter  or  as  the 
bending  stiffness  of  the  litik  becomes  larger,  the  perturbation  paratneter  becomes  smaller.  In 
ttirn.  this  corresponds  to  the  fact  that  as  this  paratneter  vanishes  the  matiipulator  behaves  as 
if  it  were  rigid.  A  nonlinear  feedback  based  on  this  scheme  may  be  derived. 

C.  Linear  Outer-Loop  Controllers 

Robustness  to  parameter  variations  atid  unmodelh'd  dynamics  are  central  issues  in  design 
of  feedback  control  systems.  Matty  approaches  have  been  propo.sed  to  satisfy  and  enhance 
the  robustness  of  the  closed-loop  .systems,  fhe  aforemetitioned  nonlinear  based  controllers 
utilize  the  joint  information  for  large  angle  slewing  of  the  structure;  however,  to  achieve  a 
better  performance,  we  are  augmenting  the  notilinear  based  cotitrollers  with  an  outer-loop 
linear  control  design.  The  linear  cotitroi  niet hodologies  utilized  are  linear  quadratic  output 
feedback  regulator,  frotiuency  shaping  [9],  Wiener  Kopf  desigir,  robustness  through  structured 
repre.sentation  of  the  uncerttiinties  [10]  (to  name  a  few). 


V.  EXPERIMENTAL  RESULTS 


The  transfer  function  from  the  system  input  to  the  end-effecter  position  for  a  typical 
flexible  structure  is  non-minimum  pha.se.  The  tion-minimum  pha.se  behaviour  is  expected  due 
to  the  non-collocated  nature  of  the  system  oiilp”’.  I'igiires  2  and  3  depict  the  magnitude  plot 
and  the  pole-zero  locations  for  the  transfer  function  of  our  experimental  single-link  flexible 
arm  with  no  payload  from  the  joint  motor  input  voltage  to  the  end-effector  acceleration.  The 
peaks  correspond  to  the  vibrational  modes  of  the  beam.  Note  that  the  system  poles  are  lightly 
damped  and  due  to  the  non-minitnnm  phase  nature  of  the  system,  this  imposes  limitations 
on  the  system  bandwidth. Experiments  were  also  carried  out  on  parameter  identification  for 
a  two-link  flexible  set-up  with  the  following  parameters:  Length  of  link  1  =  0.4.5m,  Link  1 
thickness  =^  '.  Length  of  link  2  =  O.fllnr.  Link  2  thickness  =  Elbow  mass  (comprising 
of  joint  2  actuator  assembly)  =  9filf;m.«.  Payload  mass  =  tOOjrn.s, 
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Figure  3:  Pole-zero  locations. 


The  system  modes  were  estimated  by  analyzing  the  response  of  the  accelerometers  at  the  elbow 
and  the  end-effector  using  white  noise  as  input  to  both  the  joint  actuators.  Identihcation  of 
the  vibrational  modes  using  fast  fourier  transform  techniques  showed  a  number  of  “closely 
packed”  vibrational  modes  at  frequencies  less  than  2  Hz.  A  typical  FFT  plot  for  the  end- 
effector  acceleration  is  shown  in  Figure  4.  From  the  plot,  at  least  3  modes  can  be  distinctly 
identified  below  2  Hz.  two  of  which  have  a  separation  of  0.4  Hz.  This  is  in  contrast  to  the 
case  of  a  one-link  flexible  arm  where  the  system  modes  are  relatively  far  apart.  The  denseness 
of  the  modes  is  attributed  to  the  coupling  of  the  individual  modes  of  the  two  highly  flexible 
links. 


For  the  inner  loop  control,  two  different  control  schemes  were  applied.  The  first  was  an 
independent  joint  PD  control  and  the  second  was  a  rigid  body  based  non-lincar  control.  Since 
both  these  controls  are  joint  based  schemes,  significant  vibrations  at  the  tip  are  observed  in 
both  cases  as  shown  in  Figure  .5  .  How'ever,  in  the  non-bnear  control  case,  the  inner  loop  PD 
control  operates  on  the  linearized  (7(1)  dynamics  and  hence  results  in  lesser  vibrations  at  the 
end-effector. 

Xext.  an  outer  loop  controller  was  designed  for  the  closed- loop  system  (including  the 
inner  loop  controller)  for  supression  of  the  end-effector  vibrations.  The  controller  was  a  linear 
output  feedback  designed  according  to  a  quadratic  cost  criterion.  This  nonconvex  optimization 
problem  was  solved  by  a  software  developed  in  house.  The  feedback  signals  were  the  outputs  of 
the  accelerometer  signals  at  the  elbow  and  the  end-effector.  The  feedback  gains  obtained  were 
fine-tuned  experimentally  to  achieve  the  best  response  .at  the  end-effector.  The  tip  response 
for  a  typical  slew  with  the  accelerometer  feedback  in  conmjunction  with  the  rigid-body  based 
non-linear  controller  in  the  inner  loop  is  shown  in  Figure  6  .  From  the  plots,  it  is  evident  that 
the  vibrations  at  the  end-effector  are  significantly  reduced  as  compared  with  the  case  when 


108 


Ac  tive  Miitericih  anJ  Ackiptive  St rm  tines 


only  the  inner  loop  controller  is  applied. 
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Figure  5:  Inner-loop  control  only. 


Figured;  Inner/Outer-loop  control. 


VI.  CONCLUSION 


In  this  paper,  experimental  results  for  slewing  of  a  class  of  flexible  multi-body  systems 
(i.e.,  flexible  multi-link  manipulators)  were  given.  Several  approaches  for  control  design  for 
this  class  of  systems  were  mentioned.  Furthermore,  these  methodlogies  were  applied  to  an 
experimental  setup  developed  at  CRRL  to  mimic  the  behavior  of  a  typical  flexible  multi¬ 
body  system.  Another  setup  developed  to  study  the  control/structure  interaction  is  a  slewing 
flexible  structure  with  active  members.  The  real-time  computing  power  is  provided  by  a  digital 
signal  processing  board  (TMS320C30  based)  capable  of  33  Mflops. 
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Do  embedded  sensor  systems  degrade  mechanical  performance  of  host 
composites? 


R.  Davidson  and  S.SJ.  Roberts 

AEA  Industrial  Technology,  Harwell  Laboratory,  UK. 

ABSTRACT:  Finite  element  analysis  techniques  have  been  used  to  predict  the 
stress  concentrations  around  and  within  optical  fibres  embedded  parallel  to  the 
reinforcement  of  a  unidirectional  CFRP  composite.  The  effect  of  transverse 
compression  and  thermal  stre.sses  resulting  from  fabrication  have  been  analysed. 
The  residual  thermal  stre.s.ses  are  affected  by  the  thicknes.s,  stiffness  and  the 
relative  thermal  expansion  coefficient  of  the  coating.  Mechanical  strength 
measurements  on  a  variety  of  fibre  .sen.sor  composite  combinations  support  the 
analytical  results.  The  results  of  the  FE  analysis  can  be  used  in  the  detailed  design 
of  intrinsic  fibre  optic  sensors  for  embedment  in  composite.s. 


1.  INTRODUCTION 

Th?  development  of  smart  composite  materials  relies  upon  building  into  the  composite 
structure  during  fabrication  a  suitable  nervous  system  which  can  sense  the  localised 
environment.  In  order  to  produce  an  adaptive  structure,  actuators  are  also  necessary 
which  respond  to  the  sensor  signals  to  effect  shape  change  or  vibration  control.  These 
actuators  would  be  either  embedded,  as  in  the  case  of  shape  memory  alloy  wires  or 
surface  bonded  as  in  piezoelectric  ceramics. 

For  embedded  sensor  or  actuator  systems  concern  has  been  expressed  as  to  the 
possible  structural  strength  degradation  which  may  result.  This  paper  considers  the 
modelling  of  stress  and  strain  fields  around  and  within  optical  fibres  embedded  in  host 
carbon  reinforced  composites.  The  saturation  is  complex  since  fibre  optics  generally 
consist  of  a  silica  based  core/cladding  combination  designed  to  give  the  waveguiding 
and  sensing  characteristics  of  the  fibre  plus  a  polymeric  protective  coating  to  reduce 
handling  damage  and  increase  environmental  resistance.  The  optical  fibre  package  of 
this  type  will  always  be  significantly  larger  in  diameter  than  the  reinforcing  fibres  which 
are  typically  .‘'-10  fim  in  diameter.  When  such  optical  fibres,  typically  100-300  ^m  in 
diameter,  are  embedded  in  composite  laminates  there  will  be  an  inevitable  disruption 
of  the  reinforcing  fibres  in  the  vicinity  of  the  fibre  optic.  The  nature  of  this  disruption 
will  not  only  be  dependent  upon  the  diameter  of  the  embedded  fibre  but  also  on  the 
relative  orientation  of  the  optical  fibre  and  the  neighbouring  reinforcing  fibres. 
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In  order  to  be  acceptable  the  fibre  sensor  must: 

-  Produce  a  minimum  perturbation  in  the  distribution  of  reinforcing  fibres; 

-  Not  significantly  reduce  the  strength  or  stiffness  characteristics  of  the  composite; 

-  Not  suffer  from  excessive  attenuation  such  that  sensing  techniques  can  not  be 

tipplied; 

-  Provide  for  input  and  output  of  laser  light.  (This  is  usually  done,  though  not 

ideally,  through  pigtails). 

Several  laminate/optical  fibre  geometries  have  been  studied  using  finite  element 
analysis  to  determine  the  magnitude  and  extent  of  stress  concentrations  caused  by  the 
embedded  fibre  when  the  laminate  is  under  uniform  thermal,  tensile  or  shear  loads 
applied  in  the  plane  of  the  fibre  cross-section.  This  paper  concentrates  on  the  results 
for  a  125  pm  diameter  silica  fibre  embedded  parallel  to  the  reinforcement  in  a 
unidirectional  CFRP  composite.  Mechanical  and  thermal  stresses  are  considered, 
using  a  2D  finite  element  technique  in  plane  strain  conditions.  Results  from  the 
analysis  of  more  general  laminates,  will  form  the  basis  of  further  publications. 

2.  THE  MODEL 

,4  sketch  of  the  model  is  shown  in  Figure  I.  The  optical  fibre  is  coated  with  a  low 
modulus  polymer,  the  thickness  and  modulus  of  which  are  varied  in  the  analysis,  and 
embedded  in  a  typical  carbon  epoxide  fibre  composite.  The  material  properties  used  in 
the  analysis  are  given  in  Table  1.  The  analysis  used  an  "in-house"  PC  based  finite 
element  program  (BISHPS-LOCO).  The  mesh  was  composed  of  t>  noded  plane  strain 
triangular  elements.  Only  one  quarter  of  the  model  was  meshed  as  at  least  two  planes 
of  symmetry  exist  for  both  the  compressive  and  thermal  load  cases.  All  surfaces  of  the 
model  were  restrained  to  remain  planar. 

3.  RESULTS 

3.1  Compression  Ixjad  Case 

A  uniform  compressive  stress  of  lOOMPa  was  applied  to  the  model.  The  resultant  stress 
distribution  is  expected  to  lie  between  the  two  extremes  depicted  in  Figure  2.  For  very 
low  stiffness  coating  the  model  behaves  as  a  plate  with  a  central  hole  and  stress  flows 
around  the  outside  concentrating  at  "B"  as  shown.  For  a  very  stiff  coating  strain  is 
limited  in  the  centre  of  the  model  by  the  coating  and  the  stress  flows  preferentially 
through  the  fibre  concentrating  at  "A"  and  ”C".  The  optimum  geometry  to  reduce  stress 
concentrating  effects  would  be  such  that  the  stresses  were  equal  at  all  three  positions. 
The  values  of  stress  at  "A",  "B"  and  "C"  have  been  studied  as  the  coating  modulus  and 
thickness  are  varied.  These  results  show  two  effects: 
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(i)  As  the  thickness  of  coating  increases,  causing  the  effective  stiffness  of  the 
combined  cotiting  and  fibre  to  decrease,  the  "yy"  stress  concentration  decreases  at 
"A  "  but  increases  at  "B".(Note  that  a  high  "yy"  stress  at  "B"  is  accompanied  by  a  high 
transverse  "x.\"  stress  at  "A"). 

(ii)  P'or  a  given  thickness  of  coating,  values  of  "yy"  stress  increase  as  the  coating 
modulus  decreases,  .(gain  because  the  effective  stiffness  of  the  centre  of  the  model 
decreases. 

In  Figure  3,  the  v  alues  of  "yy"  stress  at  ".4"  and  "B"  are  summarised.  The  optimum 
coating  thickness,  i.e.  when  stress  at  "A"  and  "B"  are  equal,  is  seen  to  increase  as  the 
coating  modulus  increases  so  as  to  provide  the  same  overall  stiffness  of  the  fibre  and 
coating.  For  comparison, the  dotted  lines  show  the  variation  in  stress  concentration  for 
a  polyimide  (I:  =  2GPa)  coated  smaller  diameter  80  fitn  fibre.  The  results  indicate  that 
to  obtain  an  optimum  geometry,  a  coating  of  10  ^ni  is  required  on  the  80  ^m  fibre  but 
must  be  increased  to  around  17  ^^m  on  the  12.‘'  gm  fibre. 

.3.2  Thermal  Ixtad  Case 

The  residutil  stress  generated  on  cooling  by  lOOT',  from  the  curing  temperature  to 
ambient,  w;is  calculated  for  a  rtinge  of  coating  thickness,  moduli  and  thermal  expansion 
coefficients,  fhe  resultant  stress  distributions  are  axisymmetric  and  the  hoop  and 
radial  stresses  for  each  case  are  presented  in  Figures  4-6.  Figure  4  shows  the  variation 
in  rtidial  and  hoop  stress  through  the  model  with  coating  thickness  and  Figure  5  shows 
the  variation  with  coating  modulus.  In  both  cases  increasing  the  effective  rigidity  of  the 
coiited  fibre  by  decreasing  thickness  or  increasing  modulus  increases  stress  throughout 
the  model.  Figure  6  shows  the  change  in  stress  distribution  when  the  coating  thermal 
exptinsion  coefficient  is  chtmged  from  2()x  10  ^im/  /xmk  to  7()x  10  ^im/  fik.  In  the  first 
case,  the  coefficient  is  less  than  that  of  the  composite  (35x  10  ^m/  /ak)  and  the  coating 
is  in  compression.  In  the  second  case  the  coating  is  in  tension  as  it  attempts  to  shrink 
awav  from  the  composite.  Incretising  the  e.xpansion  coefficient  is  also  seen  to  reduce 
Stress  levels  in  the  composite  and  fibre.  It  is  important  for  the  successful 
implementtition  of  some  strain  sensing  techniques,  such  as  quasi-distributed 
polarimeters.  that  kirge  strains  in  the  optical  fibre  core  do  not  exist  as  a  result  of 
thermtil  effects  on  curing.  Conversely  for  cure  monitoring  high  thermal  strains  in  the 
core  are  desirable  in  order  to  achieve  the  required  sensitivity.  By  considering  FE 
ptirametric  amilvses.  sensors  for  particular  applications  with  tailorable  sensitivities  can 
be  designed. 

4.  C  OMPARISON  WITH  EXPF:RIMENTAL  RESULTS 

lo  determine  whether  the  trends  predicted  are  seen  in  practice,  experimental  results 
from  transverse  tensile  testing  of  unidirectional  samples  of  epoxy/CFRP  with  an 
embedded  optical  fibre  were  examined.  The  press  moulded  unidirectional  specimen 
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samples  were  1mm  thick  and  20mm  wide  and  had  a  variety  of  fibre/coating 
combinations  embedded  in  them  parallel  to  the  reinforcement.  A  summary  of  the 
results  is  given  in  Table  2.  Full  details  can  be  found  in  reference  1. 

The  results  are  in  agreement  with  theory  in  that,  for  a  constant  coating  to  composite 
modulus  ratio,  the  stress  peak  at  "B"  increased  as  the  coating  thickness/fibre  diameter 
ratio  increased  as  shown  by  the  decrease  in  sample  strength.  The  results  for  the  bare 
fibres  may  be  thought  to  contradict  theory  in  that  it  is  predicted  that  the  size  of  the 
fibre  does  not  effect  values  of  stress,  therefore  the  strengths  should  not  be  greatly 
different.  The  fact  that  strengths  are  reduced  according  to  size  in  these  samples  could 
be  because  the  sample  thickness  was  small  compared  to  the  disturbed  region  around 
the  fibre.  Also  an  important  aspect  in  real  situations  which  has  not  been  considered  in 
the  analysis  is  the  quality  of  the  bonding  between  the  optical  fibre  to  coating  and 
coating  to  composite.  For  good  strength  and  transfer  of  composite  strain  to  the  fibre 
optic  good  bonds  at  these  interfaces  are  necessary.  Scanning  electron  microscopy  of 
fracture  surfaces  clearly  illustrate  the  importance  of  coating  characteristics  (1). 

5.  CONCLLSIONS 

°  The  finite  element  analyses  show  that  the  combined  stiffness  of  the  coaling  and 
optical  fibre  affects  the  stress  distribution  around  an  embedded  fibre.  Thin,  stiff 
coatings  reduce  stress  concentrations  (at  B)  under  mechanical  loads.  However, 
residual  thermal  stresses  are  affected  by  the  relative  thermal  expansion  coefficient 
of  the  coating  as  well  as  its  stiffness.  Stresses  are  found  to  reduce  with  increasing 
ettating  thickness  as  the  coating  thermal  constraint  is  reduced,  but  also  their  value 
may  be  changed  by  altering  the  coating  expansion  coefficient.  This  implies  that 
there  could  be  scope  for  using  similar  fibres  but  with  differing  coating  properties  to 
aid  in  the  distinction  between  thermal  and  mechanical  strain. 

°  Understanding  the  stress  distributions  caused  by  thermal  and  mechanical  loads 
enables  sensors  to  be  designed  to  match  specific  sensor  techniques  and  the  required 
sensed  properties. 

°  In  order  to  accurately  sense  strain  in  the  composite  a  good  bond  between  the 
coating  and  the  optical  fibre  and  the  coating  and  the  composite  is  necessary. 
Though  this  interfacial  effect  cannot  be  analysed  easily. 

°  Experimental  results  support  the  results  of  the  FE  analysis.  It  has  been  found 
that  a  6..*!  /xm  polyimide  coating  on  an  80  /xm  fibre  does  not  effect  the  strength  of 
the  composite,  w  hilst  at  the  same  time  bonds  very  well  to  the  composite. 

6.  RKFKRENCES 
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Tensile  strength  and  stiffness  reduction  in  graphite/bismaleimide  laminates  with 
embedded  fiber-optic  sensors 


D  W  Jensen.  J  Pascual,  and  J  A  August 

The  Pennsylvania  State  University,  23.^  Hammond  Bldg,  University  Park.  PA  16802 

ABSTRACT:  This  study  quantifies  the  effects  of  the  orientation  and  location  of 
emhedded  optical  fibers  on  tlie  uniaxial  unsile  behavior  of  Graphite/Bismaleimide 
laminates,  F.xperimental  strength  ttness  data  were  obtained  for  eight  different 
test  configurations.  Optical  fiber  ,  c  .edded  in  various  orientations  modestly  reduce 
the  tensile  strength  and  stiffn  .iperties  of  composite  la  uinates  (less  than  10^0, 
The  largest  reductions  occu-  m  composite  laminates  with  optical  fibers  embedded 
perpendicular  to  both  th.  loading  direction  and  the  adjacent  graphite  fibers. 


1,  INTRODUCTION 

'The  inherent  benefits  of  optical  fiber  sensors  (such  as  small  size  and  weight)  make  them 
particularly  well-sui ted  for  integration  with  fiber-reinforced  composite  structures  (Jensen 
;ind  Griffiths  However,  typical  optical  fiber  diameters  are  12  to  100  times  larger 

than  most  reinforcing  fiber  diameters,  and  two  to  three  times  the  thickness  of  a  single 
layer  of  an  advanced  composite  material.  The  large  size  and  reduced  mechanical 
properties  of  optical  fibers  in  comparison  to  the  reinforcing  fibers  indicate  that 
emb  dded  optical  fibers  may  act  as  physical  intrusions,  which  cause  a  degree  of 
structural  degradation. 

The  objective  of  this  study  was  to  quantify  the  effect  of  the  orientation  and  quantity  of 
embedded  optical  fibers  on  the  tensile  behavior  of  Graphite/Bismaleimide  (Gr/BMI) 
aminates.  Experimental  strength  and  stiffness  data  were  obtained  from  eight  different 
test  configurations. 

A  prior  study  by  Measures  et  a!  (1989)  included  a  .series  of  experiments  to  ascertain  the 
influence  of  embedded  optical  fibers  on  the  tensile  .strength  of  Kevlar/Epoxy  laminates. 
Results  indicate  that  embedding  optical  fibers  may  increase  the  average  tensile  strength 
of  the  laminates.  However,  the  variations  in  manufacturing  the  specimens  reportedly 
gave  a  10%  spread  in  the  data.  In  general,  variations  in  cure  cycle  parameters,  such  as 
cure  cycle  duration  or  applied  temperature,  may  induce  extraneous  changes  in  the 
tensile  failure  strength. 

In  a  related  study  Jensen  and  Pa.scual  (1990)  compared  experimental  tensile  strength 
and  stiffness  data  from  seven  configurations,  fabricated  with  varying  quantities  of  optical 
fibers  embedded  parallel  to  the  loading  direction.  Significant  strength  and  stiffness 
reductions  (10%  to  20%)  were  found  to  occur  only  at  relatively  high  optical  fiber 
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volume  fractions  (4%  to  5%).  The  present  study  complements  this  work  by  quantifying 
the  effects  of  optical  fiber  orientation  on  the  tensile  behavior  of  Gr/BMI  laminates. 


2.  TEST  DESIGN 

The  test  configurations  were  designed 
by  selecting  optical  fiber  locations  and 
orientations  with  respect  to  the 
laminate  that  were  assumed  to 
represent  extreme  cases.  Consider  a 
laminate  under  tensile  loading  (Figure 
1)  with  an  optical  fiber  embedded  in 
the  center  of  the  laminate 
perpendicular  to  both  loading  direction 
and  adjacent  reinforcing  fibers.  Due  to 
their  rigidity,  the  reinforcing  fibers 
bridge  over  the  circular  optical  fiber 
cross-section.  Dasgupla  et  al  (1990) 
showed  that  the  span  of  this  lenticular 
resin-rich  region  decreases  with  the 
angle  between  the  optical  fiber  and  the 
adjacent  plies  (Figure  2).  Intuition  dictates  that  optical  fibers  embedded  at  small  angles 
should  have  less  effect  on  the  tensile  .strength,  due  to  the  higher  fiber  compaction.  This 
study  assumed  that  optical  fibers  running  parallel  or  perpendicular  to  the  neighboring 
reinforcing  fibers  have  minimum  or  maximum  impact,  respectively,  on  the  laminate 
mechanical  performance  and,  therefore,  represent  extrenie  cases.  Furthermore,  the 

small  circular  cross-section  of  an 
optical  fiber  embedded  parallel  to  the 
loading  direction  should  reduce  the 
load-bearing  ability  of  the  laminate  to 
a  lesser  extent  than  the  relatively  larger 
rectangular  cross-section  of  an  optical 
fiber  embedded  perpendicular  to  the 
loading.  This  study  assumed  that 
optical  fibers  running  parallel  or 
perpendicular  to  the  loading  direction 
cause  minimum  and  maximum 
degradation,  respectively,  of  the 
mechanical  behavior  of  laminates  and. 
therefore,  also  represent  extreme  cases. 
Additionally,  the  placement  of  optical 
Fig.  2.  Laminate  with  Optical  Fiber  fibers  .symmetrically  or  asymmetrically 
Embedded  at  an  Angle  re.spect  to  the  laminate  midplane 

might  adversely  affect  the  laminate  performance.  The  possible  optical  fiber  orientations 
and  symmetries  were  combined  to  produce  the  arrangements  detailed  in  the  test  matrix. 
Table  1.  and  shown  in  Figure  3.  These  configurations  were  primarily  designed  to 
explore  the  significance  of  optical  fibers  embedded  parallel  or  perpendicular  to  the 
applied  uniaxial  loading  and/or  adjacent  reinforcing  fiber  directions  on  the  mechanical 


Fig.  1.  Laminate  with  Optical  Fiber 
Embedded  Transversely 
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performance  of  advanced  composites.  The  control  configuration  had  no  embedded 
optical  fibers,  to  provide  a  standard  again.st  which  all  other  strength  and  stiffness 
reductions  were  measured. 


Tabic  I.  Test  Matrix 
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perpendicular 
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perpendicular 
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The  stacking 

sequence  was  selected  to 
enable  embedding  of  optical 
fibers  in  several  orientations, 
allow  compaiison  of  results 
with  other  studies  (Jensen 
and  Pascual  and 

avoid  the  introduction  of 
material  couplings.  G40- 
Gr/BMl  was 
selected  as  a  representative 
material  for  evaluation.  The 
material  properties  are 
listed  by  Jensen  and  Pa.scual 
( l^dO).  The  performance  of 
this  material  is  comparable 
to  that  of  other  advanced 
composites  used  throughout 
the  aerospace  industry. 


.J.  EXPERIMENT 


Fig.  3.  Optical  Fiber  Configurations  Studied 


Since  composites  require  special  test  methods  to  quantify  material  properties  with  an 
acceptable  degree  of  repeatability,  due  to  their  inhomogeneity  and  brittle  nature, 
specimen  manufacture  and  uniaxial  tension  testing  were  performed  in  accordance  with 
the  American  Society  for  Testing  and  Materials  (ASTM)  Standard  D3039-76.  Eight  12- 
inch  square  plates  were  fabricated  from  unidirectional  Gr/BMI  prepreg  tape  with 
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embedded  optical  fibers  and  cured  in  a  hot 
press.  Acrylate-coated  optical  fibers  with 
a  250-Mfn  outer  diameter  were  precisely 
positioned  using  a  fiber-positioning  jig. 
The  laminated  plates  were  covered  with 
cure  materials  in  a  standard  cure  sequence 
and  cured  in  a  Tetrahedron  MTP  14 
programmable  hot  press  employing  the 
following  cure  cycle  to  ensure  uniform 
mechanical  properties:  the  temperature 


C  LOADING 
Cj 


Fig.  4.  Test  Specimen  Geometry 


was  raised  at  a  rate  of  .^°F  per  minute  and  held  at  190°F  for  1  hour,  220°F  for  2  hours, 
and  350°F-'  for  2  hoars,  under  a  constant  pre.ssure  of  .30  psi.  Strain-compatible  loading 
tabs  were  cut  from  E-glass  panels,  beveled  to  a  25°  angle  on  one  side,  and  bonded  onto 
the  Gr/B VII  plates  with  N'ARMCO  NB-lOl  film  adhesive.  Subsequently,  the  specimens 
were  cut  from  the  tab-bonded  plates  using  a  diamond-coated  saw  (Figure  4).  Variation 
of  specimen  thickness  and  width  were  within  ±2%.  Axial  strain  gages  were  mounted 
in  the  center  of  the  gage  sections  of  all  specimens  to  mea.sure  elastic  stiffness.  The 
specimens  were  mounted  in  a  screw-driven  60-kip  Tinius-Olsen  testing  machine.  Data 
acquisition  for  all  the  configurations  was  accomplished  using  a  Micro-Measurements 
2100  System  H-channel  strain  gage  conditioner.  All  specimens  were  loaded  to  ultirpiate 
failure,  usually  exploding  violently  with  a  loud  bang,  and  projecting  graphite  fibers 
against  a  plastic  shield.  Graphs  of  stress  versus  strain  were  plotted  to  select  linear 
ranges  for  stiffness  calculations  (2000-8000  fie)  based  on  Hooke’s  law.  For  each 
configuration,  the  average  value  and  standard  deviation  of  strength  and  stiffness  were 
determined.  To  offset  the  detrimental  effects  of  test  measurements  induced  by 
unforeseen  experimental  error.  Chauvenct’s  criterion  was  applied  to  each  configuration 
to  eliminate  at  most  one  data  point  (Holman  1989).  In  this  manner,  specimens  2-8.  3-4. 
6-9,  and  7-5  were  not  included  in  the  calculation  of  the  average  stiffness,  and  specimen 
5-1  was  not  included  in  the  average  strength  calculation. 


4.  RESULTS  AND  DISCUSSION 


Table  2  summarizes  average  tensile  strength  and  stiffness  data  for  each  configuration. 
All  tensile  strength  and  stiffness  reductions  were  less  than  59f,  except  for  Configuration 
iS.  Note  that,  in  general,  the  decrea.se  in  tensile  strength  and  stiffness  caused  by  optical 
fibers  embedded  in  any  orientation  was  similar  in  magnitude  to  the  respective  standard 
deviations.  The  effect  of  embedded  optical  fiber  orientation  on  the  laminate  tensile 
mechanical  properties  was  small  enough  to  be  comparable  to  the  scatter  due  to  the 
inhomogeneity  and  brittle  nature  of  composites. 

Strength  and  stiffness  reductions  were  the  largest  for  Configuration  8  (9%  and  IKE 
respectively).  Observe  that  in  this  configuration  two  optical  fibers  are  embedded 
perpendicular  to  both  the  loading  direction  at.d  the  adjacent  graphite  fibers,  causing 
geometric  discontinuities  in  the  neighboring  longitudinal  (0°)  plies.  These  geometric 
discontinuities  occur  at  two  optical  fiber  locations,  as  opposed  to  a  single  location  for 
Configuration  5.  Awerbuch  and  Hahn  (1977)  experimentally  verified  that  the  static 
tensile  strength  of  a  laminate  is  controlled  by  its  longitudinal  plies  when  these  are 
present  in  a  sufficient  number.  Thus,  the  geometrical  alteration  induced  by  two  optical 
fibers  embedded  perpendicular  to  the  loading  direction  in  the  longitudinal  plies  of  the 
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laminate  caused  the  largest  reduction  in  tensile  strength. 

There  was  no  significant  difference  in  strength  and  stiffness  reduction  between 
configurations  with  optical  fibers  embedded  parallel  or  perpendicular  to  the  loading 
direction,  with  the  exception  of  Configuration  8.  Specifically,  Configurations  2,  3,  and 
4  exhibited  strength  and  stiffne.ss  decrements  of  up  to  3%  and  2%,  respectively,  while 
Configurations  5  through  8  had  decrements  ranging  up  to  4%.  Thus,  neither  the  tensile 
strength  nor  stiffness  were  significantly  degraded  by  the  presence  of  embedded  optical 
fibers,  except  when  these  were  placed  perpendicular  to  both  loading  direction  and 
neighboring  graphite  fibers  symmetrically  about  the  laminate  midplane. 


Tabic  2.  Average  Tensile  Strength  and  Stiffness 
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•  Standard  Deviation  in  parenthesis 


There  is  no  conclusive  relationship  between  symmetry  in  the  embedment  of  optical 
fibers  and  reductions.  Configurations  with  optical  fibers  embedded  asymmetrically 
about  the  laminate  midplane  did  not  readily  induce  larger  strength  or  stiffness 
reductions.  In  this  respect,  the  largest  reduction  in  mechanical  properties  (approx.  10'"f, 
Configuration  8)  occurred  when  the  optical  fibers  were  embedded  symmetrically  about 
the  midplane,  while  the  related  asymmetrical  configuration  had  small  strength  and 
stiffness  reductions  (19f  and  29r,  respectively,  for  Configuration  7).  It  is  hypothesized 
that  the  number  of  geometrical  discontinuities,  two  in  the  former  configuration  and  one 
in  the  latter,  had  a  greater  effect  on  the  laminate  performance  than  symmetry. 

The  results  of  this  study  show  that  optical  fibers  embedded  in  various  orientations  at 
low  volume  fractions  slightly  reduce  the  tensile  mechanical  properties  of  composite 
laminates.  As  an  exception,  optical  fibers  embedded  perpendicular  to  the  surrounding 
longitudinal  plies  can  cause  modest  strength  and  stiffness  reductions.  These  results  are 
limited  t  the  effect  of  embedded  optical  fiber  orientation  on  ihe  tensile  behavior  of 
thin,  cross-ply  symmetric  laminates.  For  example,  the  reductions  in  tensile  mechanical 
properties  induced  by  optical  fibers  embedded  parallel  to  the  adjacent  plies  but  at  an 
angle  with  respect  to  the  loading  direction  might  be  lower  in  angle-ply  laminates  than 
in  cross-ply  laminates.  These  limitations  are  being  addressed  in  continuing  studies. 
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5.  CONCLUSIONS 

Th’s  study  shows  that  optical  fibers  embedded  in  various  orientations  only  slightly 
reduce  the  tensile  mechanical  properties  of  composite  laminates.  The  effect  of 
embedded  optical  fiber  orientation  on  the  laminate  tensile  mechanical  properties  was 
small  enough  to  be  comparable  to  the  scatter  due  to  the  inhomogeneity  and  brittle 
nature  of  composites.  As  an  exception,  optical  fibers  embedded  perpendicular  to  both 
loading  direction  and  adjacent  graphite  fibers  can  cause  modest  tensile  strength  and 
stiffness  reductions.  Overall,  the  effects  on  tensile  strength  and  stiffness  were  on  the 
order  of  10%  or  less.  The  severity  of  the  geometrical  disturbance  caused  by  optical 
fibers  embedded  perpendicular  to  the  reinforcing  fibers  was  greater  than  the  influence 
of  symmetry  in  the  embedment  of  optical  fibers.  These  results  indicate  that  optical 
fibers  embedded  perpendicular  to  the  loading  direction  in  composite  laminates  induce 
the  largest  degradation  in  their  mechanical  performance.  By  extension,  optical  fibers 
should  be  embedded  parallel  to  both  the  loading  direction  and  adjacent  reinforcing 
Fibers  for  minimal  intrusion,  when  possible. 
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Micromechanics  of  fiber  optic  sensors 
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ABSTRACT:  Coated  optical  fiber  embedded  in  a  host  composite  matrix  is  ana- 
lyz('d  to  study  tlie  elastic  interaction  i)et\v<'en  the  fiber  ami  the  matrix.  The  optical 
filjer  and  its  coating  are  modeled  as  concentric,  circular  inclusions  embedded  in 
an  isotropic  homogeneous  matrix.  Linear  elasticity  solutions  are  obtained  for  the 
ca.s('s  of  a  far-fi('ld  longitudinal  shear  load  and  a  uniaxial  tensile  load.  The  effects 
of  th<>  modulus  of  the  coating  as  well  as  its  thickness  is  studied  for  the  strain 
transfer  and  tin-  stress  and  strain  concc-ntrations.  A  boundary  element  analysis  is 
perfoniK'd.  and  its  results  are  in  excelh'iit  agn'ement  with  the  elasticity  solution. 


1.  INTRODUCTION 

Optical  fitx'rs  liave  recently  gtiined  popuhirity  as  embedded  strain  sensors  tliat  can 
monitor  the  state  of  strain  in  composite  mtiterials  (Udd  and  Claus  1990).  Embedded 
opticid  fiber  sensors  can  be  esix’cially  useful  in  aircraft  technology  for  health  moni¬ 
toring  find  diunage  as.sesstnent  of  aircraft  structures.  In  order  to  accurately  j)redict 
the  performance  of  the  fiber  optic  semsors.  it  is  important  that  we  have  an  accurate 
assessment  of  the  elastic  interactions  that  take  place  between  the  optical  fiber  and  the 
host  matrix.  This  is  particuhirly  true  in  light  of  fact  that  the  optietd  fil>ers  can  cause 
stress  and  strain  concent rtU ions  in  the  host  stiaictiire  in  which  they  are  embedded. 
The  coating  on  the  ojttical  fiber  also  can  cause  additional  comi)lic;itions  stich  as  a  loss 
in  strain  transfer.  Therefore,  it  is  important  that  we  emitloy  micromechanics  analysis 
to  study  ;md  characteriz<’  these  effects.  To  this  end  mathematical  ami  computational 
iuirdyses  were  performed  in  the  ficamework  of  linear  elasticity.  In  this  paper,  we  sum- 
itiarize  .salient  fetituies  revealed  Ijy  the  micromechanics  analysis  of  a  coated,  embedded 
optical  fiber  <'ml)e(ld('d  in  ;i  host  matrix. 


2.  ANALYSIS 

\\('  model  the  coated  o])tical  fiber  as  infinitely  long,  isotropic,  concentric  inclusions 
with  radii  a  and  h  emltedded  in  an  isotropic  matrix  (Sirkis  and  Dasgupta  1990).  as 
shown  in  Figure  1.  We  also  model  the  lujst  matrix  as  a  homogenous,  isotropic  medium 
with  the  ('quivalent  elastic  constants.  The  matrix,  assumed  to  be  infinite  in  extent, 
is  .subjecte<l  to  a  far-field  antiplane  shear,  tr-j,  =  and  a  far-field  uniaxial  tension. 

parallel  and  transverse  to  the  fiber,  respectively.  In  the  longitudinal  shear 
rase,  only  the  out-of-plane  displacement,  ti.(.r.y).  is  non-zero,  and  the  equilibrium 
(’(luations  simplify  to  a  two-dimensional  Lajilace  equation.  .4  closed  form  solution  was 
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ohtaiiK'd  hy  cxpiinding  the  (lisplacfiiM'ut  in  series  and  invoking  the  far-fiekl  and  the 
displacement  and  traction  continuity  comlitions  across  the  interfaces  (Pak  1991).  For 
the  uniaxitil  tension  case,  ;»  two-dimensional  plane  stress  (plane  strain)  solution  was 
obtained  hy  a  complex  potential  method  (Pak  1991).  A  bouiidtiry  element  analysis 
wa.s  also  perfornu'd,  using  tin  in-hous<‘  cod<’  MRBE2D.  to  verify  th('  accuacy  of  the 
ho\ind;try  element  model  as  well  as  to  idieck  the  correctness  of  the  elasticity  solution. 


3.  STRAIN  CONCENTRATIONS 

Throughout  the  amtlysis  we  will  let  the  shear  modulus  and  the  Young's  modtilus  of 
the  optical  filler  Ix'  )i  i--  =  lo/ytt  <>n<l  E/.-  =  19E\/  for  the  longitudinal  shear  ca.se  and 
the  unii'ixitd  ti'iision  ca.se,  respei-tively.  The  Poisson's  nitios  of  0.3.  0.45.  and  0.15  are 
respectively  tised  for  the  matrix,  the  coating,  and  the  fiber.  The  shear  modulus  and 
the  Young's  modulus  of  the  cotiting  an'  varied  in  such  a  way  as  to  simulate  soft  eixixy 
cotitings  as  well  as  stiff  metallic  coatings.  This  will  I'lnibh'  us  to  study  the  ('ff'ects  of 
the  coating  modulus  on  the  strtiin  tnmsfer  ;md  the  stress  and  stniiii  concentrafitms. 
W'e  will  fix  the  (i/h  rtitio  to  be  O.S.  which  corresponds  to  the  ttctind  dimensions  of  the 
o])tic;d  fiber  used  in  our  tests. 

Figure  3  shows  the  contours  of  constant  stniin  obt:iin<'d  from  the  elasticity  solution  for 
the  longituditud  shear  ca.se.  and  the  nniaxitd  tension  c:ise.  Figure  4  shows  shear  strain 
normalized  to  the  far-field  strain  along  the  .r-axis.  It  can  be  .se('n  tluit  the  maximum 
strain  occurs  at  the  coating-imitrix  ititerfiici'  whi'ii  the  cojiting  is  soft.  .Also  plotti'd 
tire  the  bottndary  elenu'iit  results  for  the  unitixial  ctisi-  (EcjEsi  =  0.5).  which  show 
excellent  agreement  with  th<'  iinalytictd  solution.  It  is  iuti'n'sting  to  not('  that  for  the 
longituditud  she;\r  ctise  the  strain  insid<'  th<'  fib(>r  is  constant  for  till  vahies  of  the  coitting 
stiffness.  Howev<-r.  in  the  c;is<'  of  unitixial  tt-nsion,  the  stniin  inside  the  fiber  is  constant 
only  when  there  is  no  cotitin.g. 

4.  STRESS  CONCENTRATIONS 


Nornudized  shear  stri'ss  along  the  .|■-;^xis  is  jilotted  in  Figure  5.  .A  high  stress  is  induced 
in  the  opticid  fiber  when  the  coating  is  rehutively  stiff,  and  as  the  cotitmg  becomes  softer 
the  nniximum  stress  shifts  to  the  matrix.  This  is  because  a  stiffer  coating  will  trtuismit 
more  lotid  to  the  ojitical  fiber  whereas  a  softer  cotiting,  beluiving  more  like  a  cavity  than 
;in  inclusion,  induces  higher  stress  in  the  matrix.  Contrary  to  the  strain  distributions, 
the  stresses  are  discontinuous  along  the  .r-axis.  Unless  the  coating  is  very  soft  the 
highest  stress  occurs  in  the  optical  fiber.  This  is  dui’  to  the  fact  that  the  optical  fiber 
is  the  stiffest  member  in  this  modi’l. 


5.  STRAIN  TRANSFER 


Shear  strain  triinsfer  to  the  ojitical  fiber  as  a  function  of  the  coating  thickness  is  jdotted 
in  Figure  G  for  si'veral  coating  moduli.  Figure  G(a )  for  the  longituditud  shetir  case  shows 
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that  when  tht-  sht'tir  inodttlu.s  of  the  rotitiiip;  is  h'ss  tlian  tliat  of  the  matrix,  gn’titer 
shear  strtiin  is  iu<hice<l  in  the  oittieal  filx'r  l)y  :i  thinner  co.iting.  At  the  same  time, 
when  till'  shear  modnlns  of  the  eotiting  is  greater  than  tltat  of  the  matrix,  the  thicker 
coating  indnces  greater  strain  in  tlie  optii'td  fiber.  Th<’  figure  also  shows  that  the 
mtiximnm  strain  trtinsh'r  occurs  when  the  coating  slietir  modnlns  is  greater  than  the 
matrix  shetir  inotlnlns.  If  c;in  he  sljown  th;it  the  mti.ximnm  shear  transfer  occnrs  when 
the  slu'ar  modnlns  of  the  co.ating  is  the  g<'om<-tric  mean  of  the  sh<-:ir  moduli  for  the  fiber 
;ind  the  matrix.  This  is  trne  for  all  cotiting  thickiies.se.s.  Th<'  sln'ar  trtinsfer  incrf'ase.s 
nniforinly  with  the  incretise  in  the  coating  thickiu'ss  when  the  rotiting  is  stiff<“r  ttian 
the  mtitrix.  This  implies  thtit  the  stiffer  and  thicker  rotiting  will  induce  more  shear 
transfer.  However,  for  fht'  nniaxitd  tension  rti.se  the  mti.ximnm  shetir  transfer  orrnrs  for 
the  most  fitirt  when  there  is  no  coating. 

6.  CONCLUSIONS 

We  have  studied  the  strain  tranfer  to.  tind  th<'  strtiin  tmd  stn'ss  i-onrent  rat  ions  rtmsi'd 
by.  tin  optirtd  fiber  embedili'd  in  ti  homoginions  nititrix  that  is  subjected  to  ftir-fiidd 
longitndintd  shetir  tiiid  nniaxial  tension.  It  wtis  shown  that  the  longitudinal  shetir  lotid 
tiiid  the  nniti.xitd  tensile  lotid  inilnri'  similtir  stp'ss  tmd  strtiin  ronri'ntration  I'fferts. 
However,  they  differ  in  the  strain  trtinsfi'r  behtivior.  The  bonndtiry  eli'inent  tintilysis 
confirmed  the  accnrticy  of  th<’  moilel  as  well  tis  the  correctness  of  the  I'ltisticity  solution. 
The  micromechanics  antilysis  underttiken  in  this  work  is  highly  idealized:  howt'vi'r,  it 
revetds  informtition  essentitd  to  umlerstanding  the  idtistic  behtivior  of  i-mbi'dded  fibt'r 
o])tic  sensors. 
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uttttntMt 


(a)  (b) 


Figure  1.  Embedded  optical  fiber  subjected  to  (a)  longitudinal  shear  load 
and  (h)  uniaxial  tensile  load. 


Figure  2.  Boundary  element  analysis  model  and  deformation  plot  under  uniaxial  tension. 
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Figure  6.  Strain  transfer  to  the  optical  fiber  as  a  function  of  coating  thickness  for 
(a)  longitudinal  shear  load  and  (b)  uniaxial  tensile  load. 
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Compressive  strength  and  stiffness  reduction  in  graphite/bismaleimide 
laminates  with  embedded  fiber-optic  sensors 


D  W  Jensen,  J  A  August,  and  J  Pascual 

The  Pennsylvania  State  University,  233  Hammond  Bldg,  University  Park,  PA  16«02 

ABSTRACT:  This  paper  summarizes  an  investigation  into  the  influence  of 
embedded  optical  fibers  on  the  uniaxial  compressive  performance  of 
Graphite/Bismaleimide  laminates.  Experimental  strength  and  stiffness  data  were 
obtained  for  eight  different  test  configurations.  Results  indicate  that  some 
orientations  of  embedded  optical  fibers  can  .severely  degrade  the  compressive 
performance  of  composite  laminates.  Compressive  strength  and  stiffness  reductions 
ranged  up  to  70%  and  20%,  respectively.  Similar  to  previous  results  for  tensile 
properties,  optical  fibers  embedded  perpendicular  to  the  loading  direction  and  the 
adjacent  graphite  fibers  induced  the  largest  reductions. 

1.  INTRODUCTION 

Due  to  the  filamentary  nature  of  composite  materials,  optical  fibers  may  be  integrated 
in  arrays  within  smart  composite  structures  to  recognize  and  measure  the  intensity  of 
mechanical  parameters  (such  as  strain,  pressure,  or  temperature)  and,  thus,  monitor 
structural  behavior  and  integrity.  Predictably,  the  geometrical  discontinuities  induced 
by  embedded  optical  fibers,  which  may  range  in  size  up  to  twice  the  thickness  of  a 
single  composite  ply,  raise  concerns  about  structural  performance.  Previous  work  by 
Jensen  el  al  (1991)  has  shown  that  optical  fibers  embedded  in  various  orientations  only 
slightly  reduce  the  tensile  mechanical  properties  of  composite  laminates  (5%  to  10%). 
However,  compression  loads  are  more  sensitive  to  geometrical  imperfections  in  the  load 
path  and  are  also  more  likely  to  dominate  the  response  of  advanced  composites  under 
cyclic  loading  and  environmental  exposure  (Clark  and  Lisagor  1981).  Thus,  this 
investigation  quantifies  the  influence  of  embedded  optical  fibers  on  the  performance 
of  Graphite/Bismaleimide  (Gr/BMl)  laminates  in  uniaxial  compression,  including 
experimental  strength  and  stiffness  data  for  eight  different  test  configurations. 

Results  from  a  study  by  Mea.sures  el  al  (1989)  indicate  that  embedding  optical  fibers  has 
a  negligible  effect  on  the  average  compressive  strength  of  Kevlar/Epoxy  laminates. 
However,  these  results  are  predictable,  since  the  poor  interlaminar  shear  strength  of 
Kevlar/Epoxy  composites  causes  substantial  delamination  and  poor  compressive 
properties  (Strong  1989).  Since  gla.ss  fibers  adhere  better  than  organic  fibers  (such  as 
Kevlar)  to  most  epoxies,  the  optical  fibers  may  have  acted  as  crack  arresters,  slightly 
improving  the  compressive  properties. 

Ricci  (1989)  performed  a  preliminary  investigation  of  the  effect  of  embedded  optical 
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fibers  on  the  compressive  strength  of  Gr/BMI  laminates.  Three  different  configurations 
were  fabricated  by  embedding  acrylate-coated  optical  fibers  parallel  or  perpendicular 
to  the  loading  and  graphite  fiber  directions  in  a  (Q,/9(]^/0^  laminate.  Compared  to  a 
control  configuration  without  embedded  fibers,  the  compressive  strength  decrement 
ranged  from  2%  to  37%,  with  the  largest  reduction  occurring  when  the  optical  fibers 
were  embedded  perpendicular  to  both  the  loading  and  adjacent  graphite  fibers.  The 
contradictory  findings  regarding  the  compressive  performance  of  composite  laminates 
«iiii  cnioedded  fiber-optic  sensors  underscores  the  need  for  this  investigation. 

2.  EXPERIMENT 

Following  the  criteria  detailed  by  Jensen  et  al  (1991),  optical  fibers  were  arranged  in 
orientations  and  symmetries  with  respect  to  the  laminate  midplane  that  were  assumed 
to  represent  extreme  cases.  These  cases  comprise  the  configurations  detailed  in  the  test 
matrix,  defined  in  Table  1  and  depicted  in  Figure  1.  The  Control  Configuration  had 
no  embedded  optical  fibers,  providing  a  standard  against  which  stiength  and  stiffness 
reductions  were  compared.  To  study  the  effect  of  fiber  orientation.  Configurations  2 
through  8  had  optical  fibers  embedded  parallel  or  perpendicular  to  the  applied  uniaxial 
loading  and/or  adjacent  graphite  fiber  directions.  To  study  the  effect  of  fiber  symmetry. 
Configurations  2,  5,  and  7  had  optical  fibers  embedded  a.symmctrically  with  respect  to 
the  laminate  midplane;  in  the  remaining  configurations,  the  optical  fibers  were 
embedded  symmetrically. 


Tabic  1.  Tc.st  Matrix 


t'nnfigu- 

raliiin 

Number  of 
Optical 
Fibers 

Optical  Fiber  Direction 

Number  of 
Compression  Tests 

Relative  to 
Loading  Direction 

Relative  to 
Adjacent  Graphite 
Fibers 

1 

N/A 

N/A 

N/A 

K 

2 

S 

parallel 

parallel 

7 

y 

u 

parallel 

parallel 

7 

4 

6 

parallel 

perpendicular 

to 

5 

1 

perpendicular 

parallel 

9 

u 

T 

perpendicular 

parallel 

8 

1 

1 

perpendicular 

perpendicular 

8 

X 

1 

perpendicular 

perpendicular 

8 

The  material  system  chosen  for  evaluation  in  this  study,  G40-6(X)/524.SC 
Graphite/Bismaleimide,  offers  a  similar  performance  to  that  of  other  advanced 
composites  favored  by  the  aerospace  indu.stry.  As  detailed  by  Jensen  et  al  (1991),  the 
[(\/9(T^/0t  stacking  sequence  enabled  placement  of  acrylate-coated  250-#im  diameter 
optical  fibers  at  several  convenient  laminate  locations.  This  also  permits  comparison 
of  results  with  related  studies  (Ricci  1989,  Jensen  and  Pascual  1990)  and  placed  this 
study  within  the  scope  of  American  Society  for  Testing  and  Materials  (ASTM)  standard 
test  methods  for  composites. 
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LOADING  DIRECTION 


Fig.  1.  Optical  Fiber  Configurations  Studied 


To  quantify  the  material  properties  with  an  acceptable  degree  of  reliability,  specific 
procedures  detailed  in  the  ASTM  Standard  D3410-87  were  followed  for  specimen 
manufacture  and  uniaxial  compression  testing.  The  Illinois  Institute  of  Technologs’ 
Research  Institute  (IITRI)  fixture  for  compression  tests  was  selected  ba.sed  on 
availability  and  ease  of  handling.  The  specimen  width  and  gage  length  were  chosen 
such  that  the  ultimate  compressive  load  was  approximately  77%  of  the  Euler  critical 
buckling  load,  while  ensuring  that  the  60  kip  testing  machine  capability  was  not 
exceeded,  based  on  the  theoretical  lam.inate  strength  of  14.5  ksi  and  modulus  of  17.S 
Msi.  A  nominal  laminate  thickness  of  0.066  inches  and  a  conservative  assumption  of 
pinned-pinned  boundary  conditions  led  to  a  6.3  inches  wide  by  0.66  inches  long 
maximum  test  section.  To  maintain  a  reasonable  factor  of  safety  and  satisfy  ASTM 
specifications,  a  gage  length  of  0.5  inch  was  selected  (Figure  2). 


Eight  12-inch  composite  square  plates 
were  laid  up  and  cured  following  the 
procedures  detailed  by  Jen.sen  et  al 
(1991).  The  composite  plates  were  cut 
to  specimen  size  using  the  diamond 
saw.  Hot-rolled  steel  plates  were  2.5 
inches  long  by  1.0  inch  wide  were 
bonded  on  both  sides  of  each  specimen  Fig.  2.  Test  Specimen  Geometry 
end  using  NB-101  film  adhesive.  Axial 

strain  gages  were  mounted  back-to-back  in  the  center  of  the  gage  sections  of  each 
specimen  to  measure  elastic  stiffness  and  provide  indications  of  out-of-plane  bending 
and/or  buckling.  Width  and  thickne.ss  mea.surements  of  each  specimen  were  taken  at 
several  points  and  averaged  for  use  in  data  reduction. 
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As  mentioned  above,  the  specimens  were  tested  in  an  Il  l'KI  fixture.  The  fixiuie  was 
mounted  inside  a  Tinius-Olsen  universal  testing  machine  which  has  been  modified  to 
interface  with  an  OMEGA  900  PC  data  acquisition  system.  Strain  plots  were  checked 
during  data  reduction  to  detect  bending  caused  by  fixture  misalignment.  The 
experimental  data  was  reduced  as  described  by  Jensen  et  al  (1991).  Since  the  test 
configurations  failed  at  different  levels,  three  different  ranges  were  used  for  determining 
the  compressive  moduli  based  on  a  least-.squares  method  of  linear  regre.ssion.  The 
20(X)-8000  iie  range  was  used  for  Configurations  1,  2, 3,  and  4;  the  1000-5000  iie  range 
was  used  for  Configurations  5  and  6;  and  the  500-2500  ne  range  was  used  for 
Configurations  7  and  8.  Chauvenet’s  criterion  was  applied  to  each  configuration  to  set 
limits  for  data  point  rejection  and  to  remove  at  most  one  data  point  outside  each 
prescribed  configuration  range  (Shenck  1979).  Specifically,  compression  specimens  5-9 
and  6-8  were  excluded  when  calculating  the  average  stiffness  of  Configurations  5  and 
6,  respectively. 

3  RESULTS  AND  DISCUSSION 

All  of  the  compression  specimens  failed  by  fiber  fracture,  with  cracks  splitting  the  gage 
section  across  the  width.  Tables  2  and  3  list  average  compressive  strength  and  stiffness 
and  the  respective  standard  deviation  and  percentage  reduction  values  for  each  test 
configuration.  The  compre.ssive  strength  and  stiffness  reductions  ranged  up  to  IWr  and 
ZOOf,  respectively;  significantly  more  than  for  tension,  which  was  less  than  10%. 


Tabic  2.  Average  Compres.sivc  Strength 


Omfiguration 

1^1 

Standard 

Deviation 

Iksil 

Strength  Reduction 
[%1 

1 

1,36 

11 

- 

2 

116 

17 

15 

3 

134 

13 

1 

4 

119 

6 

13 

5 

90 

19 

34 

U 

85 

24 

38 

7 

40 

8 

70 

8 

42 

7 

69 

Several  trend.s  are  evident  in  the  degradation  of  compressive  .strength.  Compressive 
strength  reductions  ranged  from  1%  to  15%  and  from  34%  to  70%  for  configurations 
with  optical  fibers  embedded  parallel  or  perpendicular  to  the  loading  direction, 
respectively.  For  the  latter  case,  optical  fibers  embedded  in  the  longitudinal  plies 
caused  larger  compressive  strength  reductions,  69%  to  70%,  than  optical  fibers 
embedded  in  the  transverse  (90°)  plies.  34%  to  38%.  These  results  indicate  that  the 
compressive  strength  was  sensitive  to  the  optical  fiber  orientation  with  respect  to  the 
loading  direction.  Specifically,  optical  fibers  embedded  perpendicular  to  the  loading 
direction  cau.sed  larger  compressive  strength  reductions  than  optical  fibers  embedded 
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parallel  to  the  loading  direction.  In  addition,  the  degradation  induced  in  the  former 
ca,se  was  larger  for  configurations  where  the  optical  fibers  were  embedded 
perpendicular  to  the  neighboring  graphite  fibers,  forming  resin-rich  lenticular 
di'ccntinuities,  than  for  configurations  where  the  optical  fibers  were  embedded  parallel 
to  the  neighboring  graphite  fibers,  forming  smaller  circular  discontinuities.  Therefore, 
the  largest  compressive  strength  reductions  (up  to  70%)  occurred  in  composite 
laminates  with  optical  fibers  embedded  perpendicular  to  the  loading  direction  and  the 
adjacent  graphite  fibers. 


Table  3.  Average  Compressive  Stiffness 


Configuration 

Stiffness 

(M.si| 

.Standard 

Deviation 

|Msi| 

Stiffness  Reduction 

(%l 

I 

14.5 

1.0 

. 

2 

11,6 

0..S 

20 

3 

12.7 

0.6 

13 

4 

12.2 

0.9 

17 

5 

13.1 

1.2 

12 

6 

1.3.2 

1.0 

7 

7 

12.3 

0.8 

15 

8 

11.6 

0.9 

20 

Overall,  the  presence  of  embedded  optical  fibers  had  a  large  effect  on  the  compressive 
strength  of  the  specimens,  while  stiffness  was  affected  to  a  far  lesser  extent  (up  to  20%). 
Compressive  stiffness  reductions  ranged  from  13%  to  20%  and  from  12%  to  20%  for 
configurations  with  optical  fibers  embedded  parallel  and  perpendicular  to  the  loading 
direction,  respectively.  For  the  latter  case,  optical  fibers  embedded  in  the  longitudinal 
plies  caused  larger  compressive  stiffness  reductions  (15%  to  20%)  than  optical  fibers 
embedded  in  the  transverse  plies  (7%  to  12%).  It  might  be  inferred  that  the 
compressive  stiffness  is  not  sensitive  to  optical  fiber  orientation  with  respect  to  the 
loading  direction,  since  the  ranges  cau.sed  by  optical  fibers  embedded  parallel  or 
perpendicular  to  the  loading  direction  were  similar.  However,  the  degradation  induced 
in  the  latter  case  was  largest  when  the  optical  fibers  were  embedded  peipendicular  to 
the  neighboring  graphite  fibers,  forming  crack-like  lenticular  discontinuities,  than  when 
optical  fibers  were  embedded  parallel  to  the  neighboring  graphite  fibers,  forming 
smaller  circular  discontinuities.  This  is  the  same  trend  observed  for  compressive 
strength  reductions. 

4.  CONCLUSIONS 

In  summary,  optical  fibers  embedded  in  various  orientations  have  been  shown  to 
severely  degrade  the  compression  performance  of  composite  laminates,  even  though 
tensile  properties  are  only  modestly  reduced.  Overall,  the  presence  of  embedded 
optical  fibers  has  a  larger  effect  on  the  compressive  strength  than  on  the  compressive 
stiffne.ss  of  composite  laminates.  In  this  respect,  optical  fibers  embedded  perpendicular 
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to  the  loading  direction  cause  „imilar  stiffness  reductions  to,  and  larger  strength 
reductions  than,  optical  fibers  embedded  parallel  to  the  loading  direction.  Both 
compressive  strength  and  stiffness  are  reduced  further  if  optical  fibers  oriented 
perpendicular  to  the  loading  direction  are  embedded  in  the  longitudinal  plies  as 
opposed  to  the  transverse  plies.  As  it  might  be  expected,  the  largest  compressive 
strength  reductions  occur  in  composite  laminates  with  optical  fibers  embedded 
perpendicular  to  both  the  loading  direction  and  the  adjacent  graphite  fibers. 

These  results  are  restricted  to  the  effect  of  embedding  relatively  large  acrylate-coated 
optical  fibers  in  various  orientations  inside  thin,  symmetric  cro.ss-ply  laminates  subjected 
to  uniaxial  compression.  These  limitations  are  being  addresNed  in  related  studies  to 
develop  thorough  guidelines  for  optical  fiber  embedding  with  minimal  structural 
degradation. 
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Flexible  piezoelectric  materials:  application  to  pressure  and  vibration 
sensing 

AU 7'HORS;  h  Ceil  and  L.  Matteson;  Westinghouse.  Oceanic,  Annapolis,  MD 

ABSTRACT 

Piezoelectric  materials  can  be  attached  to  structures  for  the  purpose  of  sensing  sound 
pressures  or  structure  vibration.  The  signals  of  interest  to  be  sensed  by  piezoelectric 
materials  must  be  "AC"  by  nature,  as  in  sound  pressure  and  vibration.  The  signals  to  be 
ignored  are  the  "DC  "  components;  these  are  iiarometric/hydrostatic  pressure  or  static 
strain.  1  he  two  tle.xible  piezoelectric  materials  of  greatest  availability  are  piezorubber 
(P/.R)  and  polyvinyiidene  fluoride  (PVdF)  film.  This  paper  will  compare  piezoelectric 
constiints  for  both  materials  and  discuss  some  of  the  tradeoffs  necessary  when  choosing  a 
piezoelectric  material  for  pressure  and  vibration  sensing  applications.  This  paper  also 
covers  the  preferred  application  of  each  sensing  materials  and  presents  e.xperimental 
data  showing  the  performance  attained.  In  an  active  control  application  where  vibration 
is  to  be  minimized,  electrical  self-noise  must  also  be  minimized. 

IMRCJDUCnDN 

Flexible  piezoelectric  materials  can  be  attached  to  structures  for  the  purpose  of  sensing 
sound  pres.sures  or  structure  vibration.  Of  particular  intere.st  is  the  sensing  of  vibration  of 
an  underwater  vehicle  in  order  to  minimize  the  energy  that  is  radiated  as  .sound  to  the  far 
field.  This  vibration  signal  can  be  thought  of  as  the  “error”  signal  for  a  processor  which  in 
turn  drives  a  noise  canceling  actuator.  This  paper  will  cover  the  use  of  flexible 
piezoelectric  materials  to  sense  the  shell  .structural  vibration  and  illustrate  the 
differences  between  sensors  used  as  traditional  hydrophones  and  used  as  vibration 
pickups.  Also,  the  pertinent  piezoelectric  material  characteristics  and  electrical 
-  elf-noise  will  be  examined.  Some  experimental  work  will  be  presented  but  the  work  is  in 
pirogress  and  therefore  incomplete,  however  future  experimental  plans  will  be  presented. 

If  the  structure  is  underwater,  the  vibrtition  is 
detected  by  either  sensing  displacement  or 
sensing  circumferential  strain  or  strain  rate, 
riiese  two  sensing  modes  are  shown  in  Figure 
I .  One  advantage  of  using  a  sensor  that  .senses 
disphicement  is  that  the  sensor  may  also  be 
iible  to  sen.se  sound  resulting  from  structure 
\ibr;ition.  This  signal  could  be  included  as 
part  of  the  "error"  signal  to  the  processor.  An 
advantage  of  area  sensing  in  general  over 
point  sensing  (accelerometers)  is  that  "area 
averaging"  may  be  employed  to  reduce 
turbulent  How  noise. 

(  WDIDATF  .SFNSOR  MATFRIAL 
Two  types  of  piezoelectric  materials  which  are  readily  available  and  currently  being 
tested  are  piez.orubber  (PZR)  and  piezofilm.  PZR  is  a  piezoelectric  composite  in  tile 
form  composed  of  lead  titanate  powder  in  a  neoprene  matrix.  The  piezofilm  is  a  flexible 
lightweight  polymeric  piezoelectric  film  with  polyvinyiidene  fluoride(PVdF)  as  the  base 
resin.  Neither  material  has  natural  piezoelectric  behavior  but  are  polarized  during  the 
manufacturing  process  by  subjecting  them  to  a  high  electric  field  imposed  across  the 
thickness  dimension,  while  et'oling  from  a  high  temperature. 
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THE  PIEZOELECTRIC  CONSTANTS 
The  piezoelectric  stress  constant,  g,  defines 
the  voltage  generated  by  the  material  when 
subjected  to  mechanical  stress.  The  piezo¬ 
electric  materials  are  anisotropic.  The  voltage 
produced  by  a  given  stress  depends  upon  the 
a.xis  in  which  the  stress  is  applied.  Eigure  2 
shows  the  active  axes  in  a  piezoelectric  material 
while  Figure  3  shows  a  com(5arison  of 
piezoelectric  stress  constants  foi  various 
materials.  Modes  of  vibration  can  be  detected 
in  several  ways  depending  on  the  mode  of 
interest.  The  relative  values  of  stress  constants 
give  a  good  indication  of  which  sensor  material 
is  most  appropriate  for  each  sensing  mode. 

For  example,  the  PZR  is  an  iippropriate  choice  lot  displacement  or  thickness  sensing  (the 
material  is  sciueezed  between  the  shell  and  the  water),  while  PVdF  film  and  the 
copolymer  film  are  good  choices  for  sensing  circumferential  .strain.  One  important 
advantage  of  copolymer  film  is  the  equality  of  g-,|  and  g-,2.  With  PVdF.  its  unet|ual  hiteral 
sensitivities  require  two  layers  with  crossed  "I”  axes,  if  true  area  sensing  is  required. 

THE  NATURE  OF  THE  SIGNALS 

■As  described  earlier,  the  piezoelectric  sensor  on  an  underwater  \ehicle  may  sense 
displacement  or  strain.  One  important  point  to  remember  is  that  the  signal  is  AC  in 
nature,  not  DC.  This  is  fortutiate  for  underwater  vehicles  since  depth-induced  signals, 
which  are  DC,  should  be  ignored.  Piezoelectric  materials  naturally  ignore  the  DC 
component  because  of  the  charge  path  to  ground  through  the  amplifier  input  circuit.  This 
input  resistance  also  bleeds  off  slowly  clninging  signtils  such  as  temperature-induced 
(pyroelectric)  charge. 

HYDROPHONE  VS.  VIHR.ATION  SENSOR 

A  piezorubber  sensor  can  be  used  as  a  hydrophone  or  as  a  vibration  sensor.  lor  a 
hydrophone,  the  incoming  sound  is  converlerl  to  voltage,  and  one  concern  is  that  vehicle 
vibration  produces  a  voltage  that  may  imisk  the  signal  of  interest.  When  using  P/R  as  a 
vibration  sensor,  the  signtil  becomes  weaker  as  the  vehicle  vibration  is  reduced  by  the 
proces.sor,  and  self-noise  (electrical  and/or  flow)  may  mask  the  lower  levels  of  vibration. 
In  tiddition,  self-noise  may  be  ati  unwanted  processor  input.  I  hese  self-noises  will  be 
di.scussed  further  Liter. 

AITACH.MENT  CONSIDERAI  lON.S 
In  our  application,  it  is  necessary  to  attach  the 
sensor  directly  to  the  shell  structure.  This 
necessity  causes  a  problem.  If  the  sensor  is 
attached  to  the  structure  with  the  ground  or 
signal  return  on  the  outside  as  shown  in 
Eigure  4a.  then  the  signal  electrode  will  be 
electrically  .shorted  or  at  least  severely  loaded 
by  the  capacitance  to  the  shell,  fhere  is. 
however,  the  advantage  that  the  setisor  is  shielded  against  E/MI.  If  the  signal  electrode  is  on 
the  outside  as  shown  in  Eigure  4b.  the  signal  is  susceptible  to  EMI  but  there  is  no  loading 
or  shorting  of  the  signal,  assuming  a  thick  enough  waterproofing  layer.  Ehese  problems 
and  advantages  pose  i  dilemma  for  attaching  the  sensor  to  the  structure,  but  there  tire 
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two  solutions.  The  first  one  is  shown  in  Figure 
5a.  The  signal  electrode  can  be  inside,  which 
shields  from  EMI,  with  a  thick  dielectric 
standoff,  thick  enough  to  have  a  capacitance 
to  the  .shell  that  is  small  compared  with  the 
sensor  capacitance.  One  concern  with  this 
solution  for  piezofilm  is  that  the  lateral  stress 
must  be  carried  through  the  standoff  material.  The  second  solution  is  to  make  a  “sandwich” 
of  Ovo  back-to-back  sensors  which,  if  the  signal  electrode  is  inside,  can  shield  form  EMI  and 
also  attach  directly  to  the  vibrating  surface  with  no  signal  loss.  This  configuration,  shown 
in  Figure  5b,  has  been  used  successfully  with  both  PZR  and  PVdF  film 

FABRICATION  OF  SENSOR 
I'o  fabricate  this  “sandwich"  using  PZR,  two 
pieces  of  PZR  and  a  printed  circuit  board 
(PC'B)  substrate  are  needed  (Figure  6).  The 
PCB  is  thin  gla.ss  epoxy  which  keeps  the 
"sandwich"  flexible  and  provides  the  ciectriciil 
connection  benveen  the  two  PZR  tiles.  No 
direct  connection  between  the  PZR  tile  and  the 
PCB  is  needed  as  long  as  the  epoxy  joint  is  thin, 
less  than  0.001  inch.  This  is  necessary  in  order 
to  insure  that  the  bond  capacitance  is  large 
compared  to  the  .sensor  capacitance.  A  major  advantage  of  the  PCB  substrate  is  the  ea.se 
with  which  an  electrode  pattern  may  be  formed  for  the  purposes  of  sensing  .spatial 
wavelengths  smaller  than  the  .sensor  area.  F'or  this  configuration  corresponding  grooves  are 
cut  through  the  PZR  inner  electrodes. 

When  using  the  PVdF  film  for  the  “sandwich."  the  PCB  might  al.so  be  used  but  its  stiffness 
needs  to  be  low  compared  with  the  stiffness  of  the  structure  so  that  the  sensor  does  not 
diminish  the  structure's  vibration.  A  po.ssible  variation  of  the  sandwich  could  be  to  etch 
the  electrical  connection  pattern  into  the  eleetrode  coating  on  the  inner  sides  of  the  film. 
We  have  not  used  or  investigated  this  possible  solution. 

TESriNG 

rite  objective  of  the  testing  is  to  find  the  best 
material  and  configuration  for  the  .sensor 
portion  of  an  active  noi.se  control  system.  A  test 
box  was  built  in  order  to  comparatively  test 
several  piezoelectric  materials.  Fhe  experi¬ 
mental  setup  is  shown  in  Figure  7  and  a  picture 
of  the  test  box  is  shown  in  Figure  8.  As  the 
picture  shows,  the  test  box  was  made  of  one 
inch  thick  aluminum.  This  heavy  construction  is 
to  insure  that  no  radiated  sound  is  produced 
from  the  sides  or  the  back.  A  thin  aluminum 
plate  is  placed  in  a  window  and  driven  at 
various  locations  by  a  shaker.  .Several  plates 
with  different  piezoelectric  sensors  will  be 
placed  into  the  window  and  tested.  We  already 
have  fabricated  a  plate  with  a  sandwich  of  lOOn 
PVdF  film  (parallel  3 1  directK  ms)  and  one  with 
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copolymer  film.  Figure  9  shows  a  sample  of 
data  taken  in  air  using  an  aluminum  plate 
with  PVdF  film  sensor  attached.  This  test 
data  illustrates  how  a  mode  might  be 
ignored  (response  nulls)  and  how  the 
response  varies  for  a  different  shaker  drive 
point  position.  In  the  near  future,  we  will  use 
the  test  box  to  drive  a  fretiuency  sweep  from 
the  shaker  onto  the  sensor  plate  and  into  the 
water.  The  sensor  signal  and  the 
hydrophone  signal  picked  up  in  the  far  field 

will  be  compared  over  the  fretiuency  range  On-Cemer  to  Oli-Ccntcr 

of  interest.  The  sensor  of  choice  will  be  the  type  that  has  the  best  correhition  between 
the  sensor  signal  and  the  far  field  hydrophone  response. 


IMPORTANCE  OF  SELF  NOISE 

W'hen  the  vibration  is  low  or  has  been  driven  to  a  low  level,  the  self-noise  of  the  senst)r 
may  predominate  in  the  net  signal  to  the  processor.  1  he  flow  noise  level  produced  by  the 
turbulent  boundary  layer  is  reduced  by  a  sufficiently  thick  outer  stand  off  layer  ;ind  by  the 
“area  averaging"  provided  by  the  area  of  the  sensor. 

Electrical  self  noise  minimizing  retjuires 
control  of  several  factors.  These  include 
maximizing  of  the  sensor  capacitance,  voltage 
sensitivity  (g  constant  times  thickness),  and 
amplifier  input  resistance,  while  minimizing 
the  capacitance  loading,  sensor  electrical  loss 
(tan  delta),  and  amplifier  internal  noise 
components  (input  voltage  noise  and  current 
noise).  The  sensor  and  its  interface  to  a 
state-of-the-art  low  noise  amplifier  has  been 
modeled,  to  show  the  effects  of  parameter 
variation.  I  he  amplifier  is  an  Analog  Devices 
AD74.'^  f-ET  op  amp  chip.  Figure  10  shows 
the  total  noise  voltage  over  the  10  Hz  to  10  kHz  trequency  range.  Curve  1  shows  the  total 
electriciil  self  noise  voltage  spectrum  level  for  the  case  of  ;i  sensor  whose  tirea  is  4  square 
inches  with  an  amplifier  input  resistance  of  100  megohms.  A  hypothetical  minimum 
expected  vibration  spectrum  level  is  also  shown,  assumed  to  be  not  masked  by  this 
electrical  noise  level.  Curve  2  shows  the  effect  (>f  a  smaller  area  sensor,  in  this  case  one 
sc|uare  inch.  Curve  3  illustrates  the  still  higher  noise  if  the  input  resistance  is  reduced  to  I 
megohm.  The  point  that  the  curves  illustrate  is  that  in  all  but  the  first  case  (Curve  1 )  the 
electrical  self  noise  signal  is  stronger  than  the  signal  level 
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CONCLUSION 

.Area-sensing  of  vibration  levels  on  underwater  vehicles  is  achieved  using  either 
displacement  or  circumferential  strain  sensors,  incorporating  piezorubber  tiles  or 
piezo-film.  The  sensor  installation  is  optimized  using  the  .sandwich  construction 
technique  which  achieves  self-shielding  without  capacitance  loading.  Early  experiments 
show  that  area  sensing  can  cancel  vibration  modes  that  have  a  spatial  wavelength  that  is 
small  compared  to  the  area  of  the  sensor,  useful  for  ignoring  non-propagating  modes. 
Lastly,  the  importance  of  low  electrical  self  noise  in  the  sensor-preamplifier  design 
is  demonstrated. 
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'Fiber  Materials,  Inc. ,  5  Morin  Street, ,  Biddeford,  Industrial  Park, 
Biddeford,  Ifaine  04005-4497,  ^EPFL,  Departesnent  des  materiaux.  T ahoratoire 
de  ceramique,  MX-D  Ecublens,  Cli-1015  lausanne,  Switzerland,  Pennsylvania 
State  University,  Materials  Research  laboratory.  University  Pcurk, 
Pennsylveinia  16802 

ABSTRACT:  Large  area  1-3  fiber  reinforced  PZT  corposites 
are  being  fabricated  and  the  relationships  between 
corposition  and  performance  are  being  investigated. 


1.  lOTRDDUCncW 


Large  ctrea  1-3  fiber  reinforced  piezoelectric  polymer  corrposites  have 
potential  use  as  sensors,  acoustic  generators  and  active  sound  and 
vibration  damping  materials  on  large  structures.  Previously,  small  area 
conposites  have  been  successfully  dencxTstrated,  but  fabrication 
limitations  prevented  consideration  for  large  systems.  Advanced  caiposite 
manufacturing  techniques  new  allcw  fcibrication  of  these  large  area 
composites  with  precise  location  of  PZT  rods  and  continuous  glass  fibers 
in  the  transverse  plane. 

A  program  is  being  conducted  at  FTtI  to  develop  fabrication  techniques  and 
to  establish  the  relationships  between  conposite  design  and  performance. 

2.  PIEZOELECTRIC  0CMPC5SITE  DESIO^ 


The  1-3  cenposite  specimens  ctre  fabricated  with  PZT  rods  extending  threw^ 
the  thdekness  of  the  material  as  shewn  in  Figure  1.  Centinuous  glass 
fiber  is  woven  in  the  transverse  plane  and  the  entire  specimen  is 
inpregnated  with  resin.  The  large  eirea  surfaces  are  coated  with 
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oonductive  electrode  material  and  the  specimen  is  poled  with  the  field 
between  the  electrodes,  i.e.  parallel  to  the  PZT  rods. 


Itie  cciiposite  performance  is  a 
function  of  PZT  type,  size, 
shape  and  ocnoentraticn;  fiber 
reinforcement  type  and 
concentration;  and  resin  type. 
All  ^»zimens  have  been  pr^ared 
with  PZT-5H  type  material.  The 
rods  2tre  square  in  cross-section 
with  cross-sectional  widths  of 
0.50,  0.75  or  1.00mm  and 

concentrations  range  from  2  to 
36%.  Ocntinucxis  glass  fibers  in 


5  to  12%  concentration  and  11% 

randem  fiber  reinforcements  have  Figure  1.  Structure  of  PZT  Oenposites 
been  used.  Specimens  have  beer. 

feibricated  with  several  different  formulations  of  epoxy  type  resins. 
Resin  dToioe  is  determined  by  fabrication  issues  such  as  pot  life, 
viscosity,  shrintatge  and  cure  cycle  as  well  as  by  electriceil  and 
mechanicEil  properties.  Young's  modulus  and  Poisson’s  ratio  give  inportant 
information  on  transfer  of  stress  and  acoustic  velocity.  A  low  dielectric 
loss  tangent  is  desirable  for  the  resin.  Ihe  overall  dimensions  of  the 
coitposite  specimen  eue  also  inportant  because  they  determine  the 
frequencies  of  significcint  resonances. 


3.  MEASURfMENTS  OF  PIEZOEIECrRIC  PERFORMANCE 


Ihe  relationships  between  PZT  rod  spacing  and  polymer  resin  type  to 
oenposite  performance  have  been  studied.  Ocnplex  inpedance  spectra  were 
recorded  with  ein  HP  4194A  inpedance/gain  phase  eiralyzer  in  order  to 
characterize  resovinoe  behavior  in  the  specimens.  In  additlcxi  to  the 
thickness  resonance  ard  its  overtones,  transverse  resonances  due  to 
periodic  discontinuities  or  overall  plate  dimensions  may  also  be  observed. 
The  frequencies  at  vdiich  resonances  occur  cure  governed  by  the  s^>aration 
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between  reflecting  surfaces  cind  by  the  velocity  of  the  waves  through  the 
media.  Figures  2,3  and  4  illustrate  these  points.  In  Figure  2,  a 
specimen  with  him  PZT  irds  at  4.5nm  periodicity  in  a  low  modulus  resin 
exhibits  only  a  thickness  resonance  and  its  overtones.  Figure  3  shows  a 
spectrum  for  the  same  type  rods  and  resin  but  with  2.25nm  periodicity.  At 
this  ^cing,  a  transverse  resonance  is  observed  at  a  frequency  near  the 
frequency  of  the  thickness  resonance.  A  ^ecimen  with  the  wider  (4.5nin) 
spacing  but  higher  modulus  resin  exhibits  not  only  the  thickness  and 
transverse  resonanoes  but  also  the  low  frec^iency  planar  resonance 
the  entire  ^Mcimen. 


rm  I5105B  51  P7T  i  .  «.5  m.  eoo  <>•  I.O  m 


Finite  2.  spectrin  of  PZT  ocnposite  with  soft  resin 

P/N  16M67  ?0»  PZT.  d  .  2.5  rod  d  •  1.0  fvi 
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Fi^ire  3.  Spectnn  of  PZT  ocnposite  with  soft  resin 
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Figure  4.  ^jectxum  of  PZT  oenposite  with  hard  resin 


4 .  OCWCIUSIONS 


In  designing  PZT  exmposite  specimens,  consideration  must  be  given  to  the 
ultimate  application.  Important  factors  are  frequency  rai^ge,  bandwidth, 
sensing  or  actuating  mode  eind  tenperature.  In  the  sensing  mode,  where  a 
flat  response  is  desirable  over  a  specified  frequency  range,  resonances 
should  be  avoided  in  that  range.  In  the  actuating  mode,  however,  it  could 
be  advantageous  to  design  the  specimen  so  that  the  thickness  resOTiance 
could  be  used.  The  specimen  must  be  fabricated  with  PZT  resins, 
reinforcements  and  dimensions  ^rfiich  meet  the  requirements.  Preliminary 
results  have  been  achieved  which  allow  correlations  to  be  drawn  between 
properties  and  performance  and  work  is  continuing  toward  a  better 
understanding  of  these  relationships. 
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Q.  C.  Xu,  R.  E.  Newnham  and  K.  Uchino 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


ABSTRACT 


A  new  tspe  of  actuator  composed  of  metal  end  caps  and  piezoelectric  ceramics  has  been  developed 
as  a  displacement  transducer.  Shallow  cavities  positioned  between  the  metal  caps  and  the  central 
ceramic  disk  convert  and  amplify  the  radial  displacement  of  the  piezoelectric  ceramic  into  a  large 
axial  motion  of  the  metal  end  plates.  Large  d33  coefficients  exceeding  2500  pC/N  were  obtained 
with  the  composite  actuators.  The  behavior  of  the  electrically-induced  strain  with  geometric 
variables  such  as  the  thickness  of  the  brass  end  caps,  as  well  as  with  pressing  force  and  driving 
frequency,  have  been  evaluated.  Sizeable  strains  were  obtained  with  both  PZT  (piezoelectric  le;id 
zirconate  titanate)  and  PMN  (electrostrictive  lead  magnesium  niobate)  ceramics. 


Introduction 

In  recent  years,  piezoelectric  and  electrostrictive  ceramics  have  been  used  as  displacement 
transducers,  precision  micropositioners,  and  in  many  other  actuator  applications  ( 1 ).  An  important 
drawback  to  these  devices,  however,  is  the  fact  that  the  magnitude  of  strain  in  piezoelectric 
ceramics  is  limited  to  about  0.1%.  Magnification  mechanisms  have,  therefore,  been  developed  to 
produce  sizeable  displacements  at  low  voltages.  The  two  most  common  types  are  the  multilayer 
ceramic  actuator  with  internal  electrodes,  and  the  cantilevered  bimorph  actuator.  The  multilayer 
actuator  produces  a  large  force  at  low  voltages,  but  large  displacements  are  not  obtained. 
Bimorphs,  on  the  other  hand,  produce  large  displacements  up  to  hundreds  of  microns  but  the 
forces  are  very  small.  Therefore,  there  is  a  need  for  another  type  of  magnification  giving  sizeable 
displacement  with  sufficient  force  to  c.-irry  out  actuator  applications. 

A  cross-section  of  the  newly  patented  ceramic-metal  composite  (2)  is  shown  in  Figure  I.  It 
is  called  the  "Moonie"  because  of  the  moon-shaped  spaces  between  the  metal  end  caps  and  the 
piezoelectric  ceramic.  Originally,  this  composite  was  designed  as  a  hydrophone,  and  the 
hydrostatic  piezoelectric  properties  have  been  reported  elsewhere  (3). 

Referring  to  Figure  1,  the  radial  motion  of  the  piezoelectric  ceramic  is  converted  into  a 
flextensional  motion  in  the  metal  end  caps.  As  a  result,  a  large  displacement  is  obtained  in  the 
direction  perpendicular  to  the  ceramic  disk.  This  is  the  basic  principle  of  the  composite  actuator 
described  in  this  paper. 

Effective  Piezoelectric  Coefficient 

It  is  well  known  that  poled  PZT  [Pb(Zr,Ti)03)  ceramics  are  strongly  piezoelectric  (4). 
Under  an  applied  electric  field,  the  ceramic  expands  longitudinally  through  d33,  and  contracts 
transversely  through  dti.  Therefore,  in  the  Moonie  structure,  the  axial  displacement  comes  from 
two  different  sources.  One  is  the  longitudinal  displacement  of  the  ceramic  itself  through  dtt.  the 
other  is  the  flextensional  motion  of  the  metal  arising  from  the  radial  motion  of  the  ceramic  and  dri. 
The  two  contributions  add  together  to  give  unusually  large  displacements  which  can  be  described 
by  an  effective  d33  coefficient. 

The  drr  coefficient  relates  strain  and  electric  field  in  the  poling  direction  and  is  often  used  to 
compare  different  piezoelectric  materials.  In  a  weak  piezoelectric  such  as  quartz,  drr  is 
approximately  1  pC/N,  and  is  about  an  order  of  magnitude  smaller  than  an  average  piezoelectric 
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Fig.  1.  Composite  Moonie  Actuator 

V 

like  polyvinylidene  fluoride.  SuVng  piezoelectrics  such  as  BaTi03  or  Pb  (21r,Ti)  O3  (PZD  have 
piezoelectric  coefficient  larger  than  100  pC/N.  Effective  d33  values  in  excess  of  1000  pC/N  are 
obtained  for  the  composite  structures  reponed  in  this  paper. 

Sample  Preparation  and  Measurement  Technique 

The  initial  objective  of  the  research  is  to  make  an  actuator  capable  of  very  large 
displacements,  and  to  evaluate  its  performance  under  DC  and  AC  drive. 

The  composite  actuators  were  made  from  electroded  PZT  5A  disks  ( 1 1  mm  in  diameter  tuid 
1  mm  thick)  and  brass  end  caps  (13  mm  in  diameter  and  thicknesses  ranging  from  0.4  to  3  mm). 
Shallow  cavities  6  mm  in  diameter  and  150  pm  center  depth  were  machined  into  the  inner  surface 
of  each  brass  cap.  The  PZT  disk  and  the  end  caps  were  bonded  around  the  circumference  taking 
special  care  not  to  fill  the  cavity  or  short  circuit  the  ceramic  electrodes.  Silver  foil  (25  pm 
thickness)  and  silver  paste  were  used  as  bonding  materials.  The  composite  was  heated  to  600°C 
under  saess  to  solidify  the  bond.  After  cooling,  the  actuator  was  encapsulated  around  the 
circumference  in  Spurts  epoxy  resin  followed  by  curing  at  70"C  for  12  hours.  Electrodes  were 
attached  to  the  brass  end  caps  and  the  ceramic  was  poled  at  2.5  MV/m  for  15  minutes  in  an  oil  bath 
held  at  120'C. 

The  direct  piezoelectric  coefficient  was  measured  at  a  frequency  of  l(X)Hz  using  a 
Berlincourt  d33  meter.  The  converse  piezoelectric  coefficient  of  the  ceramic  was  determined  with  a 
laser  interferometer.  Displacements  of  the  composite  actuator  were  measured  linear  voltage 
differential  transducer  (LVDT)  having  a  resolution  of  approximately  0.05  pm.  The  effective  drr 
coefficient  of  the  composite  is  obtained  by  dividing  the  strain  by  the  applied  electric  field.  In 
comparing  the  resulting  d33  with  that  of  a  ceramic,  it  is  important  to  use  the  total  thickne.ss  of  the 
composite  in  calculating  the  field-induced  strain.  Resonant  frequencies  were  obtained  with  a 
Hewlett  Packard  L.  F.  fmpedance  Analyzer  No.  4192A. 
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Fig.  2  shows  the  d33  coefficient  and  resonant  frequency  plotted  as  a  function  of  the  brass 
thickness.  As  expected,  thinner  end  caps  flex  easier  resulting  in  larger  piezoelectric  coefficients. 


Brass  Thickness  (mm) 


Fig.  2.  Resonance  frequency  fr  and  djy  coefficient  plotted  as  a  function  of  the 
thickness  of  the  brass  endcaps 

The  d33  values  were  measured  at  the  center  of  the  brass  end  caps  using  a  Berlincourt  d33  meter. 
Values  as  high  as  25(X3  pC/N,  approximately  five  times  that  of  PZT  5A,  were  obtained  with  the 
Moonie  actuator.  A  spectrum  analyzer  was  u.sed  to  measure  the  fundamental  flextensional  resonant 
frequency.  The  resonant  frequency  decreased  rapidly  whth  decreasing  brass  thickness,  dropping  to 
less  than  20  kHz  for  a  thickness  of  0.4  mm. 

Fhezoelectric  effects  are  largest  near  the  center  of  the  transducer  where  the  flexural  motion  is 
largest.  The  d33  values  measured  as  a  function  of  position  whth  a  Berlincourt  meter  are  shown  in 
Fig.  3.  Plots  are  shown  for  two  brass  thicknesses  of  0.4  and  3.0  mm.  Ample  working  areas  of 


position  (mm) 

Fig.  3.  Positional  dependence  of  the  dyy  coefficient  ♦'or  two  actuators  with  brass 
thickness  of  0.4  mm  and  3.0  mm 
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several  rnm^  are  obtained  with  the  actuators. 

Maximum  displacements  obtained  with  the  Moonie  actuators  are  shown  in  Fig.  4.  The 
values  were  recorded  with  the  LVDT  system  and  a  field  of  1  MV/m  which  is  well  below  the 


Brass  Thickness  (mm) 

Fig.  4.  Maximum  displacement  plotted  as  a  function  of  brass  thickness 


breakdown  field  of  PZT.  The  largest  displacements  were  obtained  with  actuators  having  thin  end 
caps.  By  loading  the  actuators  with  weights  it  was  demonstrated  that  even  thin  end  caps  are 
capable  of  e.xening  forces  in  excess  of  2kg/. 

A  few  experiments  were  also  carried  out  with  actuators  incorporating  PMN  (lead 
magnesium  niobate)  ceramics.  PMN  does  not  need  to  be  poled  because  it  utilizes  the 
electrostrictive  effect  rather  than  piezoelectricity.  As  shown  in  Fig.  5,  displacements  as  large  as  10 
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Fig.  5.  Displacements  measured  for  composite  actuators  driven  by  PZT  and  P'lN 
ceramics.  Displacement  for  the  uncapped  ceramics  are  shown  for 
comparison. 
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p.m  were  obtained  with  PMN  and  brass  end  caps  0.4  mm  thick.  Corresponding  curves  for  the 
composite  containing  PZT,  and  for  the  uncapped  PZT  and  PMN  ceramics  are  shown  in  Fig.  5  as 
well.  The  composites  produce  a  strain  amplification  of  about  five  times. 

Conclusions 

A  new  type  of  actuator  has  been  constructed  from  piezoelectric  PZT  ceramics  bonded  to 
metal  end  caps.  Shallow  spaces  under  the  end  caps  produce  substantial  increases  in  strain  by 
combining  the  dtt  and  dti  contributions  of  the  ceramic  Even  larger  displacements  were  obtained 
using  P.VIN'  electrostrictive  ceramics.  Further  improvements  in  actuator  performance  are  e.xpected 
using  improved  materials  and  design.  Driving  voltages  can  be  reduced  using  multilayer  ceramics, 
and  larger  displacements  can  be  obtained  using  multimoonie  stacks  (Fig.  6). 


Fig.  6.  Illustration  of  Stacked  Composite 
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Benefits  of  controls-structures  interaction  technology  for  future  NASA 
mission  needs 


William  L.  Grantham 

\'ASA  I^ngley  Research  Center,  Hampton,  VA  23665-5225 

ARSTRACT:  Example  "case  studies"  are  presented  in  this  paper  to  show  how 
Controls-Ptructures  Interaction  (CSI)  technology,  when  used  in  the  design  and 
ontrol  of  large  space  structures,  can  increase  mission  performance  and  enable 
certain  future  NASA  missions.  Many  future  NASA  missions  have  common  CSI 
technology  needs  due  to  their  inherent  flexibility  which  requires  the  lower 
structural  frequencies  and  spacecraft  control  system  to  occupy  the  same  spectral 
bandwidth.  These  studies  have  been  used  to  help  formulate  and  direct  the  CSI 
technology  development  program  being  jointly  pursued  at  the  Langley  Research 
Center  (LaRCl,  ]et  Propulsion  Laboratory  (JPL),  and  Marshall  Space  Flight  Center 
CMSFC). 

Several  CSI  benefit  studies  have  been  completed  by  LaRC  to  date  as  part  of  an 
ongoing  assessment  process:  1)  missions  requiring  large  antennas,  and 
2)  missions  requiring  the  use  of  closed-loop  controlled  flexible  remote 
manipulator  arms  for  in-space  assembly.  Also  reported  are  the  recent  results 
concerning  Space  Station  Freedom  user  accommodations  and  the  influence  of 
routine  in-orbit  disturbances  and  other  effects,  such  as  astronaut  movement, 
which  critically  affect  precision  pointing  and  microgravity  experiments. 


1.  INTRODUCTION 

This  paper  addresses  the  questions  of  which  future  missions  need  Controls-Stnictures 
Interaction  (CSI)  technology  for  implementing  large  spacecraft  in-orbit,  and  what 
specific  benefits  are  to  be  derived  if  the  technology  is  available?  The  answers  have  been 
used  to  help  formulate  and  direct  the  CSI  technology  development  program  being 
jointly  pursued  at  NASA  Langley  Research  Center  (LiRC),  Jet  Propulsion  Laboratory 
(JPL),  and  N.^SA  Marshall  Space  Flight  Center  (MSFC)  (Newsom,  1990).  Since  many 
future  NASA  missions  have  common  CSI  technology  needs,  a  technology 
development  program  focused  to  the  needs  of  one  or  two  missions  can,  in  fact,  provide 
many  benefits  to  a  large  number  of  missions.  Focusing  the  technology  development  in 
the  direction  of  selected  future  missions  also  involves  greater  interaction  between  the 
technology  developer  and  the  technology  user  so  that  each  is  more  sensitive  to  the 
needs  of  the  other. 
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Three  specific  CSI  benefit  studies  presented  herein  are  part  of  an  ongoing  assessment 
process  at  LaRC:  1)  missions  requiring  large  antennas,  2)  missions  requiring  the  use  of 
flexible  remote  manipulator  arms  for  in-space  assembly,  and  3)  in-space  experiments 
on  Space  Station  Freedom  requiring  precision  pointing  and  low  micro-g  levels. 

2.  LARGE  SPACE  ANTE.MNA  MISSIONS 

Many  future  missions  need  antennas  larger  than  the  9-meter  antenna  flown  on  ATS-6 
in  1973  (Grantham,  1990).  For  these  larger  antennas,  CSI  technology  will  be  required  to 
maintain  their  precise  shape  and  beam  pointing  stability.  This  is  because  larger 
antennas  will  be  more  flexible  and  more  subject  to  distortion  and  because  they  must 
work  at  shorter  wavelengths  requiring  much  higher  quality  control  on  antenna 
dimensions  than  ever  before. 

The  first  large  antenna-related  focus  mission  selected  for  study  was  the  Mission-To- 
Planet-Earth  Geostationary  Platform  (Ceoplat).  In  order  to  provide  the  needed 
precipitation  maps  of  the  Earth  every  30  minutes  for  Mission-To-Planet-Earth, 
precision  pointing  and  beam  scanning  are  necessary  for  the  large  microwave 
radiometer  antennas  on  each  end  of  the  geostationary  platform.  Since  the  beam 
scanning  will  most  likely  be  accomplished  mechanically  by  moving  some  parts  of  the 
antenna,  this  and  other  spacecraft  disturbances  will  cause  feed-mast  flexure  and 
antenna  distortion  resulting  in  beam  pointing  jitter.  Jitter  up  to  10  percent  of  the 
resolution  cell  size  is  allowed  without  seriously  degrading  the  quality  of  the 
precipitation  map  developed  by  the  beam  raster  scan. 

The  CSI  benefits  study  results  for  the  Mission-To-Planet-Earth  show  that  significantly 
larger  antennas  (80  meters)  can  be  used  if  CSI  technology  is  available  as  compared  to 
much  smaller  (20  meters)  antennas  if  it  is  not  (Grantham,  1990  &  NASA  CR-187471, 
1990).  Likewise,  the  science  benefits  study  for  the  precipitation  mapper  shows  it  is 
possible  to  meet  science  requirements  of  maximum  measurable  rain  rate  and 
resolution  cell  size  using  CSI  technology  to  suppress  antenna  beam  jitter  whereas, 
without  that  control  ability,  the  science  requirements  simply  can  not  be  met 
(Grantham,  1990). 

Once  developed,  the  CSI  technology  will  enable  a  number  of  important  missions,  such 
as  the  Mission-To-Planet-Earth,  and  assure  improved  performance  capability  for 
similar  large  space  antenna  mis.sions  such  as  the  Very  Long  Baseline  Interferometer 
(VLBI)  for  radio  astronomy,  advanced  communication  systems,  and  aircraft 
surveillance  systems. 

3.  BENEFITS  OF  CSI  TECHNOLOGY  TO  SPACE  STATION  FREEDOM 
ASSEMBLY  BY  ROBOTIC  MANIPULATOR  SYSTEMS  (RMS) 

Based  on  experiences  from  many  previous  Shuttle  flights,  the  oscillations  of  the 
RMS/payload  system  have  been  found  to  add  significant  time  to  payload  deployment, 
retrieval,  and  maneuvering.  For  example,  the  crew  must  wait  for  the  oscillations  to 
damp  sufficiently  to  determine  the  results  of  the  last  input;  this  insures  that  the  next 
input  is  not  phased  so  as  to  enhance  the  oscillation.  A  robotic  system  with  a  CSI 
controller  might  significantly  reduce  settling  time  during  Freedom  assembly  and  later 
for  Moon  and  Mars  vehicles  assembly. 
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To  quantify  the  settling-time  reduction,  a  benefits  study  was  conducted  for  a  CSI 
controller  applied  to  the  flexible  Space  Shuttle  RMS  during  assembly  of  Space  Station 
Freedom  (Lamb,  1989).  The  CSI  case  was  compared  with  assembly  times  using  the 
present  Space  Shuttle  RMS.  The  comparison  was  for  baseline  assembly  sequence 
#20/13.  The  number  designation  indicates  20  flights  are  required  to  accomplish 
complete  assembly  (for  the  first  13  flights  Freedom  is  unmanned).  This  was  the  most 
detailed  assembly  sequence  defined  at  the  time  the  study  began.  There  were  101  items 
in  the  20  flights  and  RMS  settling  time  was  estimated  as  a  function  of  the  payloads  for  8 
different  weight  classes.  In  the  study  it  was  found  that  65  percent  of  the  RMS  settling 
times--without  CSI  technology— are  predominantly  related  to  payloads  in  two  weight 
classes  (3000  lbs  ±  2000  lbs  and  7500  lbs  ±  2500  lbs). 

A  typical  RMS  maneuver  during  normal  operations  induces  arm  tip  oscillations  up  to 
2  inches  (peak-to-peak).  The  RMS  settling  time  without  the  CSI  controller  was 
computed  for  each  of  the  20  missions  relative  to  the  total  RMS  activity  time.  Following 
that,  the  potential  settling  time  reductions  for  a  CSI  controller  with  different  assumed 
damping  factor  improvements  were  calculated. 

Results  from  the  RMS  benefit  study,  assuming  use  of  CSI  technology,  show  a  decrease 
in  the  amount  of  RMS  settling  time  by  a  factor  of  five  which  would  significantly  speed 
up  the  Space  Station  Freedom  assembly.  Total  time  cut  out  of  the  assembly  process- 
waiting  for  the  arm  to  settle-could  be  as  much  as  10  hours  (Lamb,  1989). 

4.  IN-SPACE  EXPERIMENT  PAYLOADS  ON  EVOLUTIONARY  SPACE  STATION 
FREEIX)M 

The  next  benefit  study  initiated  was  to  determine  if  CSI  technology  could  improve  user 
accommodations  on  the  Evolutionary  Space  Station  Freedom.  Early  studies  have 
already  shown  that  some  baseline  activities  on  Freedom,  such  as  crew  treadmill  and 
RMS  activities,  are  most  likely  to  require  schedule  work-arounds  to  avoid  conflicts 
with  user  requirements  for  microgravity  and  precision  pointing. 

In  the  LaRC-sponsored  benefits  study  at  McDonnell  Douglas,  user  requirements  and 
related  disturbances  were  defined  for  input  to  a  finite  element  model  of  Freedom 
(Extended  Operating  Capability  -  XOC  Configuration)  developed  at  LaRC  (NASA 
CR- 184037,  1990).  The  study  determined  the  extent  of  environment  improvement 
possible  u.sing  CSI  technology. 

Routine  Freedom  disturbance  sources  such  as  treadmill  jogging,  tethered  soaring, 
attitude  jet  firings,  and  other  events  were  used  in  the  finite  element  model  to  compute 
spacecraft  vibrations  and  micro-g  effects  at  seven  payload  locations;  the  disturbing 
forces  were  located  at  their  most  likely  Freedom  positions  with  the  excitation  imposed 
in  each  axis.  Acceleration  levels  above  2  milli-g's  were  computed  at  the  US  lab  module 
due  to  treadmill  jogging— more  than  three  decades  higher  than  is  allowable  for  crystal 
growth.  Pointing  jitter  calculations  exceeded  70  arc  sec/second  at  a  number  of  attached 
payload  positions,  which  is  more  than  an  order  of  magnitude  higher  than  allowed  for 
candidate  precision  pointing  payloads. 

Given  that  the  Freedom  environment  needed  to  be  improved,  several  ameliorative 
steps  were  considered:  disturbance  isolation,  active  control  of  Freedom,  passive 
damping,  and  payload  gimbaling  and  isolation.  Disturbance  isolation  from  the  rest  of 
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the  spacecraft  was  the  most  effective  way  of  reducing  micro-g  jitter  due  to  jogging. 
Predicted  improvement  of  49  dB  was  forecast  for  a  0.01  Hz  isolator.  The  primary 
improvement  for  precision  pointing  was  through  the  use  of  two-axis  gimbals  for 
payload  mounts,  and  the  pointing  jitter  improvement  was  forecast  at  71dB  for  a  0.5  Hz 
bandwidth  control  system.  Although  the  Freedom  geometry  has  changed  recently,  the 
results  of  this  study  are  indicative  of  the  measures  that  must  be  taken  in  order  to  assure 
that  the  Freedom  environment  is  useful  for  scientific  experiments  and  attached 
payloads. 

It  is  also  clear  that  the  CSI  technologist  must  have  a  good  understanding  of  what 
specific  types  of  environmental  improvements  the  researcher  needs  in  order  to 
provide  design  countermeasures.  Just  as  in  the  Geoplat  case  where  the  physics  of  the 
precipitation  measurement  played  an  important  part  in  choice  of  electromagnetic 
frequency  (and  thus  antenna  diameter,  Grantham,  1^0),  it  is  important  that  the  physics 
of  preferred  microgravity  environment  be  understood  in  order  to  design 
countermeasures  to  'mprove  it  (Naumann,  1979  &  Feuerbacher,  1988). 
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The  controls-structures  interaction  guest  investigator  program 


Rudccn  Smith-Taylor  and  Sharon  E.  Tanner 
NASA  I^angley  Researeh  Center 

ABSTRACT:  The  Cucst  Investigator  (C!)  Program  is  one  of  the  five  elements  of 
the  NASA  Contr  ils-Structures  Interaction  (CSI)  Program.  Through  the  GI 
Program,  researchers  from  industry  and  academia  use  government  testbeds  to 
validate  advanced  control  techniques  and  integrated  controls-structures  designs. 
The  objective  of  t  le  GI  program  is  to  support  CSI  technology  advancement  by 
I)  involving  CSI  'csearch  experts  from  academia  and  industry,  2)  providing  the 
researchers  witV  the  most  advanced  CSI  test  facilities  for  conducting 
experimental  va,  dation,  and  3)  disseminating  the  experimental  results  to  the 
research  commucitv. 


1  INTRODUCTION 

The  behavior  of  large  fe  xible  space  structures  of  the  future  will  necessitate  that  control 
svstem  designers  be  cognizant  of  the  structural  dynamics  of  the  spacecraft.  The 
integration  of  high  pctformance  control  systems  and  flexible  structures  must  be 
designed  so  as  to  impro  ,  e  system  performance  and  prevent  any  detriment  to  system 
stability.  Because  of  the  uncertainties  involved  in  controlling  flexible  structures,  the 
design  of  these  advanc  j  control  systems  cannot  rely  solely  on  analytical  development 
but  will  require  expe,  mental  validation  on  dynamically  realistic  and  structurally 
complex  test  facilities.  This  integrated  approach,  referred  to  as  controls-structures 
interaction  technology,  s  the  focus  of  the  NASA  Controls-Structures  Interaction  (CSI) 
Program.  The  Prograi  is  a  multidisciplinary  research  activity  whose  objective  is  to 
develop  and  validate  th.’  technology  needed  for  future  spacecraft  to  meet  increasingly 
demanding  mission  requirements.  The  five  CSI  program  elements  addressing 
these  issues  are:  1)  configurations  and  concepts.  2)  integrated  analysis  and 
design  methods,  3)  ground  testing  methods,  4)  In-space  flight  experiments, 
and  5)  a  Guest  Investigator  (GI)  program.  Three  NASA  Centers,  the  Langley 
Research  Center  (LaRC),  the  Marshall  Space  Flight  Center  (MSFC),  and  the  Jet 
Propulsion  laboratory  (JPL),  are  cooperatively  developing  this  technology. 

Because  the  advancement  of  CSI  technology  greatly  benefits  from  the  participation  of 
researchers  from  academia  and  industry,  a  general  solicitation  for  participation  in  the 
GI  program  is  made  to  obtain  the  most  promising  research  approaches.  T  he  selections 
for  award  are  based  on  technical  merit,  utilization  of  test  facilities,  and  cost.  Technical 
monitors  are  provided  by  each  test  facility.  In  the  recently  completed  Phase  I, 
researchers  participated  in  a  2-year  research  activity  in  which  government  testbeds  were 
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used  to  test  system  identification  methods  and  controller  design  techniques.  Following 
is  a  description  of  the  Phase  I  test  facilities. 

2.  CSl  GROUND  TEST  FACILITIES 

The  Mini-MAST  facility  is  a  20-meter  long  deployable/retractable  truss,  located  at  the 
NASA  Langley  Research  Center,  Hampton,  Virginia.  Mini-MAST  is  a  flight-quality 
laboratory  model  of  a  60-meter  MAST  flight  truss.  The  graphite/epoxy  cantilevered 
truss  is  supported  vertically  from  a  rigid  foundation.  Longerons  run  parallel  to  the 
beam  axis,  battens  form  triangular  cross-sections,  and  diagonals  lie  in  the  beam  face 
planes.  The  longeron  and  diagonal  members  are  hinged  with  pinned  connections  to 
titanium  comer-body  joints.  The  battens  are  rigidly  connected  to  the  corner  bodies. 
The  beam  has  18  bays  which  are  deployable  and  retractable,  2  bays  at  a  time.  A  stiff 
platform  at  the  tip  and  one  near  the  mid-point  hold  servo  accelerometers  for  linear 
acceleration  measurements  and  rate  gyros  for  angular  rate  measurements 
Noncontacting  displacement  sensors  are  mounted  alongside  the  truss  for  observing 
lateral  displacement.  Three  torque  wheel  actuators  (TWA's),  mounted  on  the  tip 
platform  and  weighing  approximately  85  pounds  each,  are  available  for  control. 
Disturbance  input  to  the  structure  is  provided  by  the  TWA's  or  by  3  Unholtz-Dickie 
50  lb  shakers.  (Tanner  1991) 

The  Advanced  Control  Evaluation  for  Structures  (ACES)  ground  test  facility  is  located 
at  the  NASA  Marshall  Space  Flight  Center,  Huntsville,  Alabama.  The  test  article  is  a 
vertically  suspended  deployable  beam  approximately  14  meters  in  length,  supporting  a 
3  meter  offset  antenna.  The  beam  w'as  built  as  a  flight  backup  for  the  \’oyager 
magnetometer  boom,  is  extremely  lightweight,  lightly  damped,  and  very  flexible.  It  is 
symmetric  and  triangular  in  cross  section  with  three  continuous  longerons  forming 
the  corners.  The  cross  members  divide  the  beam  into  91  bays,  each  having  equal  length 
and  mass  and  similar  elastic  properties.  The  inverted  beam  is  attached  to  a  payload 
mounting  plate  at  the  gimbaled  base,  with  an  antenna  and  two  counter  balance  legs 
appended  to  the  beam  tip  forming  a  configuration  having  modal  characteristics  of  large 
space  structures.  An  optical  system  consisting  of  a  fixed  position  laser,  2  mirrors,  and  a 
2-axis  detection  plane  provides  a  measure  of  control  system  performance.  One  of  the 
mirrors  of  the  optical  system  is  mounted  to  a  2-axis  advanced  pointing  gimbal  system 
located  on  an  extension  arm  appended  to  the  base  of  the  beam.  This  gimbaled  mirror  is 
used  in  a  closed-loop  image  motion  compensation  system  for  the  primary  measure  of 
controller  effectiveness.  (Jones  1991) 

3.  PHASE  1  RESEARCH  TRUSTS 

Each  GI  was  required  to  perform  validation  testing  at  both  government  testbeds 
described  above,  concentrating  on  a  single  testbed  for  a  year.  The  techniques  employed 
bv  each  researcher  is  discussed  below. 

3.1  Arizona  State  University 

Dr.  Bong  Wie  demonstrated  the  simplicity  and  effectiveness  of  applying  classical 
control  designs  to  realistic  CSI  testbeds.  Various  single-input/single-output  (SISO) 
controllers  were  simultaneously  applied  to  bending  and  torsional  motion. 
Nonminimum  phase  compensation  was  employed  for  periodic  disturbance  rejection. 
With  Mini-MAST,  sensor  output  decoupling  was  required  since  the  individual 
displacement  sensors  are  inherently  coupled.  Both  collocated  and  noncollocated  SISO 
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controllers  were  demonstrated.  At  ACES,  Dr.  Wie  used  four  separate  SISO  loops 
which  were  identified  by  the  Harris  Corporation  researchers.  None  of  the  ACES 
feedback  signals  were  collocated. 

3.2  California  Institute  of  Technology 

Dr.  John  Doyle  and  Dr.  Cary  Balas  used  p-analysis  and  synthesis  for  their  research 
effort.  Control  design  using  g-synthesis  is  an  iterative  process  which  alternates 
between  solving  an  Hoo  optimal  control  problem  and  a  structure  singular  value  (g) 
analysis  problem,  g-synthesis  can  directly  account  for  known  and  unknown  errors 
such  as  structural  modes  eliminated  from  the  reduced  order  design  models, 
unmodeled  sensor  and  actuator  dynamics,  or  inaccurate  damping,  frequencies,  or  mode 
shapes.  Modeling  difficulties  created  the  need  for  excessively  large  uncertainty  values, 
which  in  turn  severely  penalized  controller  performance  emphasizing  the  importance 
of  accurate  models. 

3.3  University  of  Cincinnati 

Dr.  Randall  Allemang  led  the  effort  to  develop  reliable  state  space  models  which 
Dr.  Gary  Slater  used  for  control  law  development.  In  applying  system  identification 
techniques  to  actuator/structure/sensor  systems,  the  complexity  that  time  delays  add  to 
the  model  was  evident.  While  the  positivity  approach  guarantees  stability  if  sensors 
and  actuators  are  ideal,  application  of  this  technique  to  real  hardware  showed  its 
limitations.  Application  of  the  controllers  to  real  hardware  resulted  in  instabilities 
which  in  turn  led  to  the  development  of  multivariable  scaling  and  phase 
compensation.  To  maintain  the  positive  definiteness  of  controller  matrices  when 
coupled  with  the  compensators,  comparable  scale  factors  had  to  be  applied  to  both  the 
inputs  and  outputs  of  the  system.  Such  scaling  holds  promise  for  future  'arge  space 
structures.  This  procedure  can  tolerate  a  zero  .scale  factor,  thus  compensating  for  a 
-sen.sor  or  actuator  failure  without  requiring  a  redesign  of  the  controller. 

3.4  Harris  Corporation 

Dr.  David  Hyland  used  the  Optimal  Projection  Approach  for  Uncertain  Systems 
(OPUS),  with  the  Maximum  Entropy/Optimal  Projection  (MEOP)  controller  process,  in 
the  design  of  robust,  high  performance  controllers.  The  MEOP  process  begins  with  low- 
to  moderate-authority  controllers  to  which  robustness  is  added  through  application  of 
the  homotopy  algorithm,  creating  a  maximum  entropy  design.  Maximum  entropy 
designs  increase  gain  stability,  allow  order  reduction  in  the  controller  bandwidth,  and 
improve  the  controller's  tolerance  of  uncertainties  in  damping,  frequency,  and  location 
of  system  zeros.  At  each  testbed,  a  decentralized  controller  architecture  was  developed, 
integrating  several  reduced-order  controllers,  each  operating  on  an  individual  loop 
within  the  system.  At  ACES,  four  SISO  loops  dominating  the  system  dynamics  were 
identified  which  were  subsequently  used  by  other  Gl. 

3.5  Ma.ssachusetts  Institute  of  Technology 

Dr.  Wallace  Vander  Velde  demonstrated  failure  detection  and  isolation  (FDD 
techniques.  Generalized  parity  relations  and  failure  detection  filters  were  the  two 
methods  selected  for  investigation  since  both  are  applicable  to  sensors  and  actuators 
alike.  The  EDI  using  the  generalized  parity  relations  method,  produces  a  scalar  residual 
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r(t).  This  residual  will  be  zero  only  when  the  inpul  measurements  are  noise-free  in  an 
accurately  modeled  system  with  all  sensors  functioning  perfectly.  With  non-ideal 
systems,  the  goal  is  to  ensure  that  when  a  sensor  fails  the  residual  produces  an 
identifiable  signature  distinctive  from  the  background  noise  created  by  unmodeled 
dynamics  and  measurement  noise.  Single  Sensor  Parity  Relations  (SSPR)  and  Double 
Sensor  Parity  Relations  (DSPR)  were  compared.  SSPR  are  simpler  to  create  and 
implement.;  however,  the  magnitude  of  the  failure  signature  with  SSPR's  can  be 
inadequate  if  the  sensor  fails  in  the  off  mode.  DSPR's  involve  decision  logic  to  isolate 
the  failed  sensor  but  are  preferred  for  increased  reliability. 

3.6  Purdue  University 

Dr.  Robert  Skelton  used  Modal  Cost  Analysis  (MCA)  with  self-tuning  Output  Variance 
Constraint  (OVC)  controller  design  to  develop  multiple-input/multiple-output 
(MIMO)  controllers.  An  iterative  procedure  was  applied,  integrating  both  system 
identification  and  control  law  development.  Model  order  reduction  was  ’•equired  to 
make  the  complex  dynamics  associated  with  realis'ic  large  space  structures  more 
manageable.  Controller  performance  was  used  as  the  criteria  in  the  model  reduction 
process,  ensuring  the  appropriateness  of  the  analytical  model  for  a  particular  controller 
design.  MCA  includes  a  closed-form  solution  for  the  weighted  quadratic  cost  functions 
associated  with  each  chosen  system  output.  Specifications  influence  the  weights 
assigned  to  modes  and  noise,  thereby  influencing  weights  assigned  to  estimator  gains 
and  input  signals.  The  iterative  process  acts  as  a  self-tuning  mechanism,  producing  a 
series  of  controllers  from  low  to  high  gain. 

4.  CONCLUDING  REMARKS 

During  the  2-year  activity  of  Phase  I,  principal  investigators  using  ground  test  facilities 
at  LaRC  and  MSEC,  conducted  experiments  to  validate  CSI  techniques  in  system 
identification  and  controls  development.  The  primary  goal  of  all  the  researchers  was  to 
better  understand  the  practical  limitations  of  simplifying  theoretical  assumptions. 
Phase  1  results  have  shown  that  without  knowledge  of  the  structural  dynamics  to  be 
controlled,  many  of  the  most  accepted  control  techniques  demonstrated  only 
marginally  improved  performance  results.  When  these  same  techniques  were 
integrated  with  knowledge  of  the  structural  dynamics,  the  results  showed  considerably 
better  performance.  The  GI  program  has  been  instrumental  in  advancing  CSI 
technology,  producing  valuable  experience  to  be  shared  with  the  research  community. 
With  these  results  at  hand  and  improved  government  test  facilities,  the  research  effort 
from  subsequent  phases  promises  to  result  in  even  more  impressive  demonstrations  of 
integrated  design. 
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D  Stoeckel,  J  Simpson 

Ravchem  Corporation,  300  Constitution  Drive,  Menlo  Park  CA  94025 

ABSTRACT:  Ni-Ti  shape  memory  actuators  respond  to  temperature  changes  with  a 
shape  change.  The  change  in  temperature  can  be  caused  by  a  change  in  the  environment 
or  by  electncally  heating  the  Ni-Ti  element.  In  the  first  case,  the  shape  memory  alloy 
;icts  as  a  sensor  :ind  an  actuator  (thennal  actuator).  In  the  second  case,  it  is  an  electrical 
actuator  that  performs  a  specific  task  on  demand.  Thermal  as  well  as  electrical  Ni-Ti 
actuators  combine  large  motion,  rather  high  forces  and  small  size,  thus  the>'  pros  ide 
high  work  output. 


1.  INTRODUCTION 

"Shape  Mem.orv'"  describes  the  effect  of  restoring  the  original  shape  of  a  plasticalK’ 
deformed  sample  by  heating  it.  This  phenomenon  results  from  a  crystalline  phase  ch:inge 
known  as  "thermoelastic  martensitic  transfomiation".  The  shape  memory  effect  in  Ni-Ti 
alloys  can  be  used  to  generate  motion  and/or  force  in  actuators,  fasteners  and  couplings.  At 
temperatures  below  the  transformation  temperature,  Ni-Ti  alloys  are  martensitic.  In  this 
condition  they  are  very  soft  and  can  be  deformed  easily  (like  .soft  copper).  Heating  tibove  the 
transformation  temperature  recovers  the  original  shape  and  converts  the  material  to  its  high, 
strength,  austenitic,  condition  (like  steel), 

2.  MEiCHANICAL  PROPERTIES 

file  mechanical  properties  of  the  austenite  and  the  martensite  are  quite  different.  As  show  n 
in  figure  1,  the  austenitic  curve  looks  like  that  of  a  "normal"  material.  However,  the 
martensitic  one  is  quite  unusual.  On  exceeding  a  first  yield  point,  often  called  "plateau 
stress,  several  percent  strain  can  be  ,accutnulated  with  only  little  stress  increase.  .Mter  that. 
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fig.  1  Tensile  Behavior  of  Ni-Ti  alloys 


I5X  Active  Materials  and  Adaptive  Srnieriircs 

Stress  increases  rapidly  with  further  deformation.  The  deformation  in  the  "plateau  region"  is 
non-conventional  in  nature.  It  is  fundamentally  different  from  the  conventional  deformation 
by  gliding,  and  can  be  recovered  thermally.  I.e.  heating  above  the  transformation 
temperature  will  restore  the  original  shape.  Deformation  exceeding  the  second  yield  point 
cannot  be  recovered.  At  this  point,  the  material  is  plastically  deformed  in  a  conventional 
way.  Plotting  the  plateau  stress  or  the  first  yield  point  versus  temperature  produces  a  curve 
as  shown  in  Figure  2.  A  similar  curve  is  obtained,  when  the  modulus  is  plotted  versus 
temperature. 


.V  IIY.STFRESIS 


The  transformtuion  from  austenite  to  martensite  and  the  reverse  transformation  from 
martensite  to  austenite  do  not  take  place  at  the  same  temperature.  A  plot  of  the  volume 
f  raction  of  martensite,  or  more  practically,  the  length  of  a  wire  loaded  with  a  constant 
weight,  as  a  function  of  temperature 

provides  a  curve  of  the  type  shown  _ 

schematically  in  Figure  i.  The  complete  jl  pi 

transformation  cycle  is  characterized  by  the 

following  temperatures:  austenite  slttn  i  if)  I 

temperature  (As),  austenite  finish 
temperature  (AO.  martensite  start 
temperature  (Ms)  and  martensite  finish 
temperature  ( MO. 


Fig.  .2.  .Schetnatic  length/temperature 
hysteresis  of  a  shape  memt'ry  wire  loaded 
w  ith  a  constant  load 


The  hysteresis  is  an  important  characteristic  of  the  heating  and  cooling  behavior  of  shape 
memory  alloys  and  actuators  made  from  the.se  alloys.  Depending  on  the  alloy  used  and/or  its 
processing,  the  transformation  temperature  as  well  as  the  shape  of  the  hysteresis  loop  can  be 
altered  in  a  wide  range.  Binary  Ni-Ti  alloys  typically  have  transfonnaiion  temperatures  (.-\s) 
between  0°C  and  lOO^C  w  ith  a  width  of  the  hysteresis  loop  of  2.5°C  to  4()°C.  (Topper 
containing  Ni-Ti  alloys  show  a  narrow  hysteresis  of  7°C  to  I5°C  with  transformation 
temperatures  (a\s)  ranging  from  -lO'^C  to  approx.  8(FC.  An  extremely  narrow  hysteresis  of  0 
to  can  be  found  in  some  binary  and  ternary  Ni-Ti  alloys  exhibiting  a  premartensitic 
transformation  (commonly  called  R-pha.se).  On  the  other  hand,  a  very  w'ide  hysteresis  of 
over  l."i()°C  can  be  realized  in  Niobium  containing  Ni-Ti  alloys  after  a  particular 
ihermomechanictil  treatment. 


Fig.  4.  .Schematic  length/temperature  hysteresis  of  different  .N'i-Ti  alloys 


Ri  ccn!  Adviinccs  in  Slui/n-  Memory  Allows 
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The  standard  thermomechanica!  processing  of  Ni-Ti  alloys  generates  a  steep  hysteresis  loop 
(a  greater  shape  change  with  a  lesser  change  in  temperature),  which  generally  is  desirable  in 
applications  where  a 
certain  function  has  to  be 
performed  upon  reaching 
or  exceeding  a  certain  ^ 

temperature.  Special 
processing  can  yield  a  ^ 

hysteresis  loop  with  a  ■& 

more  gradual  slope,  i.e.  a  S 

small  shape  change  with 
temperature.  This 
behavior  is  preferred  in 
tipplications  where 
proportional  control  is 
required. 

Fig.  5.  Intlucnce  of  processing  on  the  shape  of  the  hysteresis  k'op 


The  shape  of  the  hysteresis  loop  is  not  only 
alloy  and  processing  dependent,  but  is  also 
innuenced  by  the  application  itself.  If  a 
wire  (stand.ird  prextessing)  works  against  a 
constant  load.  e.g.  by  lifting  a  certain 
weight,  the  transition  from  martensite  to 
austenite  or  s  ice  versa  occurs  in  a  very 
narrow  temperature  range  (typically  5°C). 
However,  if  the  w  ire  works  against  a 
biasing  spring,  the  transition  is  more 
gradual  and  depends  on  the  rate  of  the 
spring.  The  reason  for  this  behavior  is  the 
stress  dependency  of  the  transformation 
temperatures.  As  can  be  seen  from  Figure 
6.  the  transformation  temperatures  increase 
with  increasing  operating  stress. 


A.  ACTL'ATOR  DESIGN 


Fig.  6.  Influence  of  the  applied  stress  on  the 
transformation  temperatures 


The  shape  memory'  effect  in  Ni-Ti  alloys  is  not  limited  to  the  linear  contractitni  of  w  ires, 
riven  larger  shape  changes  can  be  achieved  in  the  bending  or  torsiontil  deform.ition  mode 
Accordingly,  there  are  many  possibilities  ■'egarding  the  shape  of  the  actuator.  Preferred 
configurations  are  : 

•  straight  tensile  wires  (high  force,  small  motion) 

•  helical  compression  springs  (large  motion,  less  force) 

•  helical  extension  springs  (large  motion,  less  force) 

•  cantilever  springs  (bending) 

•  "Belleville  "-type  disc  springs  (high  force,  small  motion) 

The  design  of  shape  memory  elements  for  thermal  actuators  is  based  on  the  different 
stress/strain  curves  of  the  austenite  and  the  martensite.  As  an  example.  Figure  7  shtnvs  the 
force/denection  curves  of  a  helical  compression  spring  at  high  and  low  temperatures.  The 
high  temperature  shape  of  the  spring  with  no  load  is  Lx)  (A).  If  the  spring  is  loaded  with  a 
constant  load  W  in  the  austenitic  condition  (at  temperatures  above  AO  the  spring  is 
compressed  along  A  -  B  with  the  displacement  A1  (B).  Upon  cooling  below  Mf  the  spring 
transforms  into  martensite.  Now  the  load  W  compresses  the  spring  to  point  C  on  the 
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martensite  curve  with  the  displacement  Al,. 
Repeated  heating/cooling  cycles  between 
points  and  C.  If,  instead  of  a  constant  load, 
;i  steel  biasing  spring  is  used,  the 
force/denection  ctirve  for  this  spring  has  to 
be  superimposed  to  the  austenitic  and 
martensitic  spring  characteristics  of  the 
Ni-Ti  spring. 

Under  optimum  conditions  and  no  load  the 
shtipe  memory  strain  can  be  as  high  as  8%. 
However,  for  cyclic  applications  the  usable 
stniin  is  much  less.  The  same  ttpplics  for  the 
stress;  for  a  one-titne  actuation  the  austenitic 
yield  strength  may  be  tised  as  maximum 
stress.  Ntuch  lower  values  have  to  be 
expected  for  cyclic  applications.  The 
following  nutttbers  may  be  tised  as 
guidelines; 

Number  of  (.'vcles  Max,  Strain 

100  ’  4T 

10000  2^:, 

100000+  I'T 


Displacement 


Fig.  7.  Design  concept  for  actinitors  working 
against  constant  loati 

Max  Sire.ss 

275  MPa/43  ksi 
140  MPa/20  ksi 
70  MPa/10  ksi 


.3.  .API’LICATION.S  OF  .SHAPE/  MEMORY  ACTUATORS 


Ni-Ti  shape  memt'iy  actuators  respond  to  a  temperature  ciiange  with  a  shape  change.  The 
s  iange  in  temperature  can  be  caused  by  a  change  of  ambient  temperature  or  by  electrically 
heating  the  .Ni-Ti  elcttient.  !n  the  first  case,  the  shape  memory  alloy  acts  as  a  sensor  and  an 
actuator  (thermal  actuator).  In  the  second  case,  it  is  an  electrical  actuator  that  performs  a 
specific  task  on  detiiand.  Theniial  as  well  as  electrical  Ni-Ti  shape  memory  actuators 
combine  large  motion,  rather  high  forces  and  small  size,  thus  they  provide  high  work  output. 
They  usually  consist  of  only  a  single  piece  of  metal,  e.g.  a  straight  wire  or  a  helical  spring, 
and  do  not  require  sophisticated  mechanical  systems. 


•Sh.ipe  memory  thermal  actuators  have  lieen 
successfully  used  in  the  areas  of  thermal 
compensation,  thermal  actuation  and  themial 
protection.  They  often  fit  into  tight  spaces  in  existing 
designs,  where  other  thermal  actuators,  like 
thermostatic  bimetals  or  w  ax  actuators,  would  require 
a  major  redesign  of  the  product.  In  How-control  oro'I 
pressure  control  valves,  for  examp  .  helical  springs 
can  be  placed  in  the  Huid  path,  without  restricting  the 
flow.  Thus,  they  provide  fast  rcspon.se  to  changes  in 
temperature. 


Fig.  8.  Shape  memory  flow  control 
valve 


Electrical  actuators  have  been  used  to  replace 
solenoids,  electric  motors  etc.  in  applications,  where 
quiet  operation,  small  dimensions,  small  or  large 
forces  and  simplicity  (if  the  design  is  required.  By 
controlling  the  power  during  electrical  actuation. 

specific  levels  of  force  and/or  specific  positions  can  be  maintained.  A  variety  of  i-  ggering 
dev  ices,  animated  objects,  toys  etc.  arc  presently  being  marketed.  The  integration  of  .Ni-Ti 
wires  in  composite  stniciures  has  been  suggested,  to  allow  the  structure  to  change  shape  on 
demand. 
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'.'C  I'slel  I’.nei".  .as  ■.viili  .i  theiinoseii  .is  opposed  to  the  otie-'.v.iv  ntemorv,  vvh.ieh  ts  one 
o:..;!  '.o  in  'oakine  mesh, lineal  sonneetioni. 

"lie  Heh.iv  ".iivii  1  )-ei,,;l, 

e  I  oim.moii  o',  M.iiiensiie  in  Shape  Memory  .Alloys 

sii!  'plot  ol  properi;,  ehaiiees  vs,  lemperatiire  lor  an  SM A  is  shown  m  l  ie,  i,  wheie 
lu.illv  :he  p.iieii;  pf.ise  'iisu.illv  e.illerl  aiisienitei  is  represented  .is  ,i  f.vo  dmie.; -ion, li 
I.niiee.  .m.i  the  niaiieii'iie  o  a  rhombus,  rierived  on  eooline  bv  a  spoilt. uteoiis  dis’oiiion 
".iieiu  Noie  ih.it  die  iorniaiion  o!  in.iriensiie  is  really  .i  deft'rmation  firoee's  noons 
i.iliiie-  M..  Mf,  As  .iiid  ,\|  .lie  mdualerl  in  the  eranh  and  are  ecplainevl  in  the  leeeiivl  to 
me  1:  IS  'o  i'e  noted  th.il.  eoinp.iriiie  the  formation  of  martens'te  between  NU  .md  Nb, 
e  vers.i'  ol  in. it  tensile  i  lorinaiioii  ol  parenli  between  .A.,  .nul  A,,  ilieie  is  .i  leii.nii 
.  'I'.  ,v  "a 'i  Is  ns;.,i[l\  on  the  Older  ol  2l)  ( '  .As  uuhealeil  at  tlie  v  avis,  plots  such  ,  s  l  i-j 
o’  w'.en  ,i  v.iiietv  ol  physieal  properties  ,ire  measured  diiiima  the  souiso  ol  .i 

m  01,  o.in'loiio.ai.’i!  upon.,  'lime  anil  its  subseriueni  rev  ersaUlurm;'  he.Uime. 

\  lime  ol  die  Si.,ipe  Memorv  l.llecl 

hll  .  Ill  I'e  d.’.er'he.l  w  idi  leleivnee  lo  the  ct'oliiip  and  heatinp  curves  such  .is  sliowii  tn 
d.  ih I  ! '  d  '  e  m  I  1  ’  I  hem  IS  no  clianpe  in  siiajK  ' >1  ,i  -pec mien  eooled  Ir  'in  .ib.'v  .e 
u  low  M.  W  io.-i-,  p'.-  -ne  oiiun  is  d.e'ormed  below  M|  i'  rem.iins  so  delorined  until  i;  o 
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'^^rroercUire  — 

1  1.  I  K  j'kn  ct  pri'iXTly  th.inpc  iciiiix-rauiiv  !’'>r  ;i  nuirk-ii'ilK'  iran'IomKHmii 

. 111  a  ^haix■  nH‘nii'r\  alti)\.  '(’he  parent  phavo  knisiciiik' '  k  iV(>iV''Cilk-.!  6'.  the  '■.iiiaia 
!,illkc.  ktikhi  iipi'ii  liaii'li'inialiiii)  i' ili^n>nec.l  imii  the  rhombie  pia'iUkl  plia^e  i  "larteiisita 
( 'liaracien'-iie  '.enipei  atuiV'  aiv  ilel’iiie<l  in  the  ui'ei. 


what  is  rut  SHAPE  MEMORY  EET'FCf  (SMF)'.' 


cool  deformed 

obov«  Af  b«low  Mf  below  Mf  tuiow  Mf 


Sfroin  Bscovery  Typicolly  -^7% 


origmol  unfi«fortned 


l  ie  3  The  'hj['e  iin  iiii'ie  elU\l  in  de>eriheil  with  ivterenee  to  I  le.  1 

'K'.ik'ii  1  tie  Ntiape  ieei'\e'\  I'eeiii'  at  As  attil  in  coiiipletcti  tit  A|.  At  the  Liitlesla'n  pi'iiii 
I’eraecii  \s  ai’ii!  Ap  ahinil  i'll',  el  the  tirigiiial  ehtipc  is  recovered.  Oiiee  llie  shape  lia-. 
■.si".e:eii  .a  \[  ihere  is  ne  etiai'.ee  in  shape  when  the  speeinicn  is  etnileil  toheU'w  Alt,  and  die 


t 
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-li,  ;'c  MK'inuiA  can  diiU  he  rcac!i\  .ucd  In  dcloniiiiii;  iho  manciisilic  spcciiiicii  iincc  apaiii.  In 
.caci  'A  .'Ills,  the  SMI’  d  a  one  lime  only  oeeiinenec  anel  hee'ause  of  this  is  fieeiiieniK  releried 
a  I  a'  the  one  'Aa\  ahape  meinois.  in  eomiast  lo  ihe  two-way  sliaiic  nicinorv  desenlied  later 
\'  I  O’.  2  nulieatea,  reeo\erab!e  strains  on  the  oriler  of  7'.’i  are  tv|)ieal  of  SM.\  s,  but  ^onie 
■i'OA  re^'o'.erow  a'  hieii  as  lOO. 

I  ;.;aie  o  a  ^tre"  siiain  eiirse  lor  a  Zn  SMA  defonneU  in  the  tnartensitie  eoikhiion 

”L  io'A  2'  fbehns  tl;e  Mi  lenipeiatnre.  Two  features  are  worthy  of  note  hirst,  the  nianeiiMie 
.1  -  an  allied  lo  o\  er  .o' .  .  \  el  all  of  this  strain  was  recovered  when  the  speciineti  w  a.a  he.ited  lo 
o\  e  I'u-  .Ai  temperature.  Secondly,  the  yield  stress  of  the  iiiarieiisite  ts  fairly  low  .  about  's 
Ml'a  ’  A  Ks!  1  ,\bo\e  .Xf  the  \  ieUl  stress  of  the  parent  was  founil  to  he  ahtnii  .'50  Ml’a  '  SO 
K  -  i ..  In  t.iel.  a  eood  I  ule  of  thumb  for  SM.A's  is  that  the  inarteitsite  yield  siic's  is  about  10'  i 
■:  dial  ol  tile  parent  phase,  f  sually  the  desipn  stress  li.e.,  iveiwerv  siressi  of  SMA  s  is  taken 
;  '  ''e  d':e  yield  sireneih  of  the  parent  phase.  This  would  be  th.e  stress  aeneraied  tor  m.ikine  a 
. , '  I'line.  poAenne  an  eneine.  etc. 


Cu  -39.8  %  Zn 
-I25°C 


lOO^ 


1 


I 

i 


-]I5 

1 


I  :  '  Sue"  sii.nn  viirse  lo:  a  m.irieiisitk  <  u  Zn  shape  memorv  alios  Ihe  sir.un  o'  ose; 
1'  .  i'eieen!  iompleleis  reeoseretl  when  the  unloaded  specimen  is  healed  .ibose  the  ,\| 

’  'I'ei.iiar,' 

•  Siipeoa.i'iu  Us  and  Stress  Indueetl  Manensile 

I  !:e  iliseiis-ioii  up  lo  now  shows  ih.il  Ihe  SMhl  is  both  ;i  thermal  tmd  mechanical  one  Ihe 
.ni.iisiie  iniM.dls  loimed  b\  coolmy  is  then  delormed  beloss  the  M|  tem|)eraiure  1  he 

n.’lmaiied  "i.ii  lensiie  is  then  lieated  to  abuse  the  .Ai  temperature  to  cause  the  shape  reeoset  ', . 
the  'ii.ipe  niemiiis  ue.iused  bs  healiiiL' ilelormcil  martensite 

\\  .’  noss  eonsuim  .inoiiiei  type  ol  shape  memory  which  is  temperature  inile|'eiKieni 
i’Ciei.i'iK  Its  \ormails .  on  eoolme.  the  martensite  forms  at  M^  under  no  stress.  Uut  m  the 
”  e  t'l.iieti.il.  marteiisiie  can  lorm  .those  NU  if  .i  stress  is  applieii.  .md  the  mattensite  so 
‘  'in  ed.  1-  tenn.d  sirc's  indiuetl  m.irlensiie  iSIMl.  Iheilrivimi  loree  lorihe  Iraiislonn.e.ion  o 
n  •  '  meehana  ,2..  .is  oppo-ed  lo  therm.il.  .is  m  the  case  tif  'cooline  martensite  I  he  blM 
,'11'  Aden  :h,e  ipphed  stress  is  releascil.  eiviiit;  rise  lo  a  mechanic.il  shape  memors 
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l  iyure  4  shows  a  'su|ica‘lastis  "  stress  strain  curse  (acnially  a  siiperelastic  loop)  for  a  ('ii 
.s6.,S‘/f  Zn  SMA.  The  tipper  plateau  corresponds  to  the  formation  of  SIM  under  stress  while  the 
lower  plateau  represents  the  reversion  of  the  SIM  when  the  stress  is  released.  Note  that  ‘T, 
strain  is  fully  recovered,  and  this  corresponds  to  the  mechanical  shape  niemors , 


Cu-39.8  %  Zn 
Mg  =  -  I25°C 


25  [-  -77°C 


l  ie.  4,  Stress-Strain  curves  lor  a  ('ti  Zn  sinele  crvstal  loadetl  in  tension  above  the  NK 
temperature.  As  tiie  .M^  tem()eratnre  is  a|tproached.  the  stress  revpitred  to  itivhtce  martensite  i' 
lowered. 

2,-1  I'he  Two-W'av  Shape  Memorv 

Lastly,  we  consider  tlie  two-way  shape  memory  effect  l  I  WS.M).  This  is  illiistratevl  ft'f  spniic 
;\pe  specimens  in  Lie  .s.  In  the  upper  part  of  the  fieiire  a  collai'sed  SM  \  s|irine  is  delonned 
hv  extension  below  M|,  I  he  contra,  ted  sprine  shape  is  recovered  followitie  heaime  to  alrove 
A)  1  he  contracted  shajie  remains  w  hen  the  specimen  is  a^ain  ctHileil  to  iielow  Mp  I  tiis  is  the 


Below  M,  fibov® 


0eiow 


}  -N  f 'oinp-jrison  ol  i>no-vvav 
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(iiK'-wav  shape  nieiiiory  hetiavior,  wliere,  as  noted  bel’ore,  is  a  one  time  only  deployment,  in 
contrast,  the  'I'W.S.M  is  depicted  in  the  lower  hall' of  ihe  fieures,  m  which  case  a  contracted 
spriny  below  .\1|  extends  when  heateil  to  above  Ap  lUit  now.  the  extended  spnni; 
spontaneoiisK  contracts  again  when  cooled  below  Mf.  'I  bis  behavior  re[)eats  indefinilely  To 
produce  the  two-wa\  behavior,  thermomechamcal  treatment  iv  rei|mred.  usually  invulving 
several  transformation  cycles. 

.V  .Summary 

The  shape  memi'ry  effect  is  a  consequence  of  a  cry  stallograpbically  reversible  martenMlic  I’hasc 
ir.insfoniiation  occurring  in  the  solid  state.  Although  there  are  many  ways  (orientations)  ii' 
produce  the  martensite  phase  from  its  parent  during  cooling,  once  the  lower  symmetry 
martensite  is  fomied  it  has  only  one  univ|ue  reversion  path  during  the  reverse  tninsform.ilion 
because  I'f  cry  siallographic  restrictions. 

Sh.qie  menu'ry  alloys  also  ilisplay  superelasticity,  a  mechanical  type  of  shape  memory  as 
o['[)osed  to  the  thermally  induced  (by  hc.iting)  shape  memory  described  above.  In  this  case, 
when  the  parent  phase  is  deformed  above  the  martensite  start  temperature,  the  m.iriensiiic 
transformation  occurs  prematurely'  because  the  tipplicil  stress  substitutes  for  the 
thcnnotlynamic  driv  mg  idree  usually  obtaineil  by  cooling. 

I'j/ially.  a  iwii-way  shape  menioiy  can  be  realized  in  shape  memory  materials,  whereby  a 
specimen  is  programmed  by  means  of  ihermomechanieal  treatment.  Ivpically,  a  specimen 
deformed  in  the  martensitic  coiuiition  is  intentionally  constrained  during  heating  in  oixler  lo 
suppress  the  normal  one-wav  shape  memory  This  process  generates  in  built  murostresscs  m 
the  [\ireni  phase  which  in  turn  program  the  specimen  to  behave  as  in  a  stress  induced 
maiiensiiic  tr.mstonnation.  Tluit  is.  the  imcrosiresses  favor  (uilv  ,i_ single  orientation  of 
martensite  during  civiling. 

kf:M-!<b;NC'F,.s 
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Active  buckling  control  of  nitinol-reinforced  composite  beams 


A.Baz,  J.Ro,  M.Mutua  and  J.Gilheany 

Mechanical  Engineering  Department.  The  Catholic  University  cf  America, 
Washing! on,  DC  20064 


ABSTRACT 

The  buckling  characteristics  of  flexible  fiberglass  composite  beams 
are  actively  controlled  by  activating  optimal  sets  of  a  shape  memory  alloy 
(NITINCL!  wires  which  are  embedded  aior.g  the  neutral  axes  of  the  beams. 
With  such  active  control  capabilities,  the  beams  can  be  manufactured  from 
light  weight  sections  without  compromising  their  elastic  stability.  This 
feature  will  be  i.nvaluable  in  building  light  weight  structures  that  .have 
high  resistance  to  failure  due  to  buckling. 

A  finite  element  model  is  developed  to  analyze  the  individual 
con  t  r  i  b'.it  ions  of  the  fiberglass-resin  iaminate.  the  NITINOL  wires,  and  the 
shape  memory  effect  to  the  overall  performance  of  the  composite  beams.  A 
closed-loop  computer-controlled  system  is  built  to  validate  the  finite 
element  model.  The  system  is  used  to  control  the  buckling  of  a  fiberglass 
polyester  resin  beam  which  is  63.75  cm  long.  0.45  cm  thick  and  2.54  cm  wide 
reinforced  with  S  NITINOL  -  55  wires  that  are  0.55  mm.  in  diameter.  The 
results  .obtained  confirm  the  developed  theoretical  model  and  indicate  that 
‘he  critical  buckling  load  can  be  increased  three  times  when  compared  to 
the  ur. ;  :r. t  rc  I  led  beam. 


1.  INTRODUCTION 

Considerable  attention  has  been  devoted  recently  to  t.he  utilization  of 
the  Shape  Memory  Nickel-Titanium  aiioy  (NITINOL)  in  developing  SMART 
compesi'es  that  are  capable  of  adapting  intelligently  to  external 
disturbances  (Ikegami  et  ai.  1990,  Rogers  et  al.l991.  and  Baz  et  al.  1990 
and  1:^9;).  Such  wide  acceptance  stems  from  the  fact  that  NITINOL  acts  as  an 
actuator  converting  thermal  energy  into  mechanical  energy  (Perkins  1975  and 
Duerig  et  a!  1990  I  as  it  undergoes  its  unique  phase  transformation  from 
low  tempera'ure  martensite  to  high  temperature  austenite.  During  this 
phase  t  r  ar.sf  ermat  ion  process  large  phase  recovery  forces  are  generated  and 
thereby  alter  the  strain  energy  of  the  composite  inside  w.hlch  the  NITINOL 
fibers  are  embedded.  With  such  capabilities,  the  static  and  dynamic 
perfermante  cf  the  SMART  composites  can  be  optimized  and  tailored  to  match 
r"  ■  ••’S  in  the  operating  conditions. 

ophasls  is  placed,  in  the  present  work,  on  using  the  shape  memory 
ef:-:’;t  of  the  NITINCL  fibers  in  .controlling  t.he  buckling  of  fiberglass 
oompcsl'e  he,im3  The  NITINOL  fibers  are  embedded  inside  vulcanized  rubber 
sleeves  placed  along  the  neutral  axes  of  these  composite  beams  as  shown  in 

.  |99_'  ji  )p  Puhiicliiiig  i  ui 
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Figure  (1).  In  this  arrangement,  the  fibers  are  free  to  move  during  the 
phase  transformation  process  in  order  to  avoid  degradation  and/or 
destruction  of  the  shape  memory  effect  uhic.h  may  result  when  the  fibers  are 
completely  bonded  inside  the  composite  matrix.  The  NITINOL  fibers  are 
trained  to  memorize  the  shape  of  the  unbuckled  beam  and  when  the  beam  is 
deflected  under  the  action  of  external  compressive  loads,  the  controller 
activates  the  NITINOL  fibers  by  heating  them  above  their  transformation 
temperature.  The  generated  phase  recovery  forces  bring  the  beam  back  to 
its  memorized  undeflected  position.  The  present  study  is  motivated  by  the 
work  of  Baz  and  Tampe  (19S9)  where  external  helical  shape  memory  actuators 
are  used  to  enhance  the  buckling  characteristics  of  long  slender  beams. 


rrssios  '  TtNSION  tfnsios 

T  iToi  I  I  'T.r,' 


t'NtEFLFcnrD  DEFUcrep 

■ -  VSCOSTROLLCD -  CO\T!WU.rS 

Figure  (1)  -  Principle  of  buckling  control  of  NITINOL-reinforced  composites 

2.  STATIC  CHARACTERISTICS  OF  NITINOL-REINFORCED  BEAMS 

The  static  characteristics  of  NITINOL-reinforced  composite  beams  are 
primarily  governed  by  their  stiffness.  The  overall  beam  stiffness  is  made 
up  of  the  following  components:  the  flexural  rigidity  of  the  I  r  ?m,  the 

geometric  stiffness  that  accounts  for  the  axial  and  thermal  loading  as  well 

as  the  stiffness  imparted  by  the  elasticity  of  the  NITINOL  ♦'ibers.  These 
individual  components  of  the  beam  stiffness  can  be  determined  by 

considering  the  NITINOL-reinforced  beam  element  shown  in  Figure  (2)  with 
the  forces  acting  on  it  and  the  associated  displacements.  The  combined 
stiffness  of  the  element  can  be  obtained  using  the  principle  of 

conservation  of  energy  and  equating  the  work  done  by  external  loads  to  the 
strain  energies  stored  in  the  element.  In  the  present  analysis,  the  theory 
of  Bernoul 1 i -Euler  beams  is  used  with  the  assumption  of  small  deflections. 


Figure  (2)  -  NITINOL-reinforced  bea.ti  element  with  forces  and  displacements 
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2. 1  External  Work 


The  work  done  by  the  external  loads  includes; 


a.  work  done  by  transverse  loads  and  moments  (Mj):  This  work  is  given  by 
W,  =  1/2  [61^  [F],  (1) 

where  [61  is  deflection  vector  and  [Fl  is  transverse  load  vector. 


b.  work  done  by  the  axial  mechanical  loads  (W2„  ):  W2„  is  given  by 

L 

/  2  J  (dw/dx)^  dx,  (2) 

o 

where  P„  is  the  external  axial  compressive  load  acting  on  the  beam. 


c.  work  done  by  the  axial  thermal  loads  (Wj^  represents  the  work 

done  by  the  Kiormal  loads  on  the  beam  element  due  to  changes  in  the 
temperature  A0  of  the  element  caused  by  changes  in  the  ambient  temperature 
or  during  the  activation  and  de-activation  of  the  NITINOL  fibers.  It  is 
given  by 

L 

=  P,  /  2  I  (dw/dx)2  dx,  (3) 

0 


where  is 


P,  =  a  A0  E,  A, 


(4) 


where  a  is  the  thermal  expansion  coefficient  of  the  composite,  is  its 
modulus  of  elasticity  and  is  the  beam  cross  sectional  area. 


2.2  Stored  strain  energy 


The  stored  strain  energy  consists  ol  two  components; 

a.  strain  energy  of  beam  (W^l:  The  energy  stored  in  the  beam  element  due 

to  its  bending  is  given  by  ^ 

W,  =  /  .2  j  (d^w/dx^)^  dx,  (5) 

o 

where  i;,j,  Ij,,  is  the  flexural  rigidity  of  the  beam. 

b.  strain  energy  of  NITINOL  fibers  (W^):  Considering  the  NITINOL  fiber  as 
d  string  with  a  tension  T  which  is  displaced  laterally  a  distance  w  from 
the  neutral  axis  of  the  beam.  Then  its  stored  strain  energy  is  given  by 

I. 

=  T  /  2  j  (dw/dx)^  dx.  (6) 

0 

F.\:^uating  the  sum  of  the  work  done  bv'  the  external  forces  F,  and 
to  the  sum  of  the  strain  energies  stored  in  the  beam  and  the  NITINOI..  fibers 
g  i  ves 


=  W,  d  Wj. 


(71 
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Substituting  equations  (1).  (2),  (3),  (5)  and  (6)  into  equation  (7) 

yields 


(Sl’^IFl  =  I  (d^w/dx^)^  dx  -  P„  I  (dw/dx)^  dx, 


where  is  the  net  axial  force  give  by 

Pr.  =  (  P.  Pi  -  T). 


(8) 


(9) 


Defining  a  proper  displacement  function  for  the  composite  beam  element, 
one  can  write  the  beam  deflection  w  as 


w  =  [Al  151.  (10) 

where  the  elements  of  matrix  (Al  are  function  of  x  (Fenner  1975). 

Accordingly,  dw/dx  and  d^w/dx*^  can  be  obtained  by  differentiating 
equation  I  10)  with  j espect  to  x  to  yield 

dw/dx  =  (C!  (51  and  d^w/dx^=  (Di  (61.  (11) 


If  the  stiffness  matrix  (K^.!  of  the  element  is  defined  by  the  following 
relat ionship 


(FI  =  (KJ  (51, 


(12) 


then.  (K,.!  can  bo  determined  by  combining  equations  (8),  (11)  and  (12)  as 

fol lows 


I,  L 

IKJ  =  P„  J  1D)T(D1  dx  -  P„  j  (C|T(C)  dx.  (13) 

0  o 

The  element  stiffness  matrix  (K^l  of  equation  (13)  consists  of  two 
('omponents:  the  conventional  transverse  stiffness  and  the  geometric 

stiffness  that  combines  the  effect  of  the  axial  mechanical  loads,  axial 
thermal  loads  and  the  tension  of  the  NITINOL  reinforcing  fibers.  Equation 
113)  also  represents  the  basic  equation  for  understanding  the  role  that  the 
NITINOL  fibers  can  play  in  controlling  the  static  characteristics  of  the 
composite  beam.  For  example,  if  the  beam  is  not  reinforced  by  NITINOL 
fibers  (i.e.  T  =  0)  and  the  mechanical  and  thermal  loads  induce  compressive 
stresses  in  the  beam,  then  the  geometric  stiffness  will  increase  and  the 
total  element  stiffness  will  decrease.  When  the  combined  effect  of  the 
mechanical  and  thermal  loads  reaches  a  critical  magnitude  such  that  the 
geometric  stiffness  becomes  equal  to  the  flexural  stiffness  of  the  beam, 
the  beam  stiffness  vanishes  and  the  beam  becomes  elastically  unstable. 
Subjecting  the  beam  to  any  additional  external  disturbance  will  cause  the 
beam  to  buckle. 

It  should  be  pointed  out  that  the  thermal  loading,  as  it  increases  the 
geometric  stiffness,  also  decreases  the  flexural  stiffness  of  the  beam 
because  it  reduces  its  effective  modulus  of  elasticity  E„,.  Such  a  dual 
effect  makes  the  beam  buckle  under  smaller  thermal  loads  than  under  pure 
mechanical  loading 
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However,  the  critical  load  of  the  un-reinforced  beam  can  be  increased 
by  embedding  pre-strained  NITINOL  fibers  into  the  beam.  If  the  tension  T, 
resulting  from  the  pre-strain  alone,  is  high  enough  to  counter-balance  the 
mechanical  and  thermal  effects  then  the  beam  stiffness  can  be  maintained 
unchanged.  For  higher  pre-strain  levels,  the  beam  stiffness  can  be 
enhanced.  Further  enhancement  can  be  achieved  when  the  shape  memory  effect 
of  the  NFI'INOl.  fibers  is  activated  by  heating  the  fibers  above  their  phase 
transformation  temperature.  The  additional  tension,  induced  into  the 
fibers  by  the  phase  recovery  forces,  makes  the  net  axial  load  negative 
and  accordingly  increases  the  overall  stiffness  of  the  beam  element. 
However,  It  is  essential  that  the  total  tension  in  the  NITINOL  fibers, 
i.e.  ,  the  sum  of  the  tension  due  to  the  pre-strain  and  the  phase  recovery 
force,  must  exceed  the  mechanical  and  thermal  loads  and  compensate  for  the 
softening  effect  in  the  matrix  resulting  from  heating  the  NITINOL  fibers 
inside  the  composite  matrix. 

Therefore,  effective  control  of  the  stiffness  of  NITINOL-reinforced 
composites  can  be  achieved  by  proper  selection  of  the  initial  pre-strain 
level  of  the  NITINO!..  fibers.  This  selection  is  particularly  crucial  as  the 
pre-strain  level  determines  the  generated  levels  of  recovery  forces. 

3.  THE  EXPERIMENTAL  SET-UP  AND  RESULTS 

3.1.  Experimental  set-up 

Figure  (3)  shows  a  schematic  drawing  of  the  experimental  set-up  used  in 
actively  controlling  the  buckling  of  a  NITINOL-reinforced  beam.  The  beam 
dimensions  are  6.'!.  75  cm  by  2.5  cm  by  0.44  cm.  The  beam  is  reinforced  by 
eight  0.55  mm  NITINOL  fibers  which  are  embedded  symmetrically  along  the 
neutral  axis  of  the  beam. 
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Figure  Ill  Schematic  drawing  of  the  active  buckling  control  experiment. 

The  tight  end  of  the  beam  is  clamped  to  a  fixed  base  and  the  left  end 
is  connected  to  the  piston  of  a  loading  cylinder.  The  cylinder  is 
pressurized  by  compressed  air  from  the  storage  tank  of  an  air  compressor. 
The  increasing  compressive  load  applied  by  the  load  cylinder  to  the  beam 
will  eventually  cause  the  beam  to  buckle.  The  resulting  deflection  of  the 
beam  is  monitored  continuously  by  a  non-contacting  sensor  which  is  placed 
at  the  mid-span  of  the  beam.  The  sensor  also  serves  as  physical  stop  to 
prevent  excessive  deflection  once  buckling  has  occured.  The  output  signals 
of  the  sensor  is  sent  to  a  micro-computer  via  a  set  of  ana  I  og-to-dlgi  ta  1 
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converters.  The  processing  of  the  sensor’s  signal  is  shown  in  the 
controller  block  diagram  shown  in  Figure  (4).  When  the  beam  deflection 
exceeds  a  pre-set  value  of  a  dead-band,  the  controller  is  turned  on  using  a 

1 


Figure  (4)  -  Block  diagram  of  the  active  buckling  control  system 

proportional  controller  with  a  saturation  limit.  The  control  action  is 
sent  via  a  d ig 1 ta 1- to-analog  converter  to  a  power  amplifier  to  activate  the 
NfTINOL  fibers  embedded  inside  the  compressi vely  loaded  composite  beam. 
The  activation  of  the  NITINOL  fibers  will  compensate  for  the  monitored 
deflection  and  the  phase  recovery  forces  developed  in  the  fibers  will 
attempt  to  bring  the  beam  back  to  its  undeflected  position. 

In  the  active  buckling  control  system  described,  the  NITINOL 
reinforcing  fibers  are  clamped  at  one  end  to  the  fixed  base  and  at  the 
other  end  to  pre-tensioning  cylinder  via  a  load  cell.  The  load  cell 
monitors  the  initial  value  of  the  pre-tension  applied  to  the  NITINOL  fibers 
by  the  pre-tensioning  cylinder.  The  load  cell  also  continuously  measures 
the  phase  recovery  forces  developed  in  the  NITINOL  fibers  as  they  undergo 
their  phase  transformation. 

3.2.  Experimental  Results 

Figure  (5)  shows  a  comparison  of  the  performance  with  and  without  the 
active  buckling  control.  The  results  displayed  are  for  a 
NITINOL-re  i  nf  orced  beam  with  each  of  the  eight  fibers  has  an  initial 
tension  of  33.7  N  which  corresponds  to  an  initial  pre-strain  of  0.35%.  For 
the  controlled  cases,  the  controller  dead  band  corresponds  to  deflection 
error  of  0.0176  mm  and  the  controller  gain  is  2727  volt/mm.  The  saturation 
limit  is  6  volts/fiber  and  the  maximum  current  is  1.6A. 

Vnc--.nlr  •  ej  >  Ftbers  ^ 
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Figure  (5)  -  Performance  of  buckling  controller  with  0,  4  and  8  NITINOL 

fibers  activated  (dead  band  =  0.0176  mm,  gain  =  2727  volts/mm). 
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igure  (6)  -  Effect  of  dead  band  (gain  =  2727  volts/mm.  initial 

pre-tension/fiber  =  33. 7N  and  8  fibers  are  activated). 
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gure  (7)  -  Effect  of  controller  gain  (dead  band  =  0.0176  mm,  initial 
pre-tension/f Ibet  =  33. 7N  and  8  fibers  are  activated). 
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Figure  (8)  -  Effect  of  initial  pre-tension  (dead  band  =  0.0176  mm,  gain 
=  2727  volts/mm  and  8  fibers  are  activated). 
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In  ligure  (5-al,  the  deflection  of  the  beam  resulting  from  the 
applii.ation  of  a  gradually  increasing  compressive  load  is  shown.  The  rate 
of  load  increase  is  500  N/min  as  shown  in  Figure  (5-b).  It  can  be  observed 
th.it  the  uncontrolled  beam  buckles  when  the  increasing  compressive  axial 
load  exi  i-eds  !  iO  N.  However,  when  all  eight  NITINOL  fibers  are  activated, 
th.e  be.im  .an  withstand  axial  loads  up  to  950  N  before  it  begins  to  buckle, 
rherefore,  with  the  NlTINOl.  i  einfor  cement  It  is  possible  to  almost  triple 
the  criti.rai  bu'kling  load  of  the  beam.  With  four  activ.ated  fibers,  the 
cr  iti.'.il  bu.'kling  lo.id  is  about  700  N  which  corresponds  to  about  double  the 

(  riti.al  load  of  the  un.' ont  ro  1  1  ed  beam.  Figure  (5-c)  shows  the 

•  ■or  respond  i  ng  time  history  of  the  temperature  of  the  NITINOL.  fibers  due  to 

'ho  .1',' I  i  c  .1 1  i  ..in  ,ind  fi('-,irt  ivat  ion  ol  the  controller.  In  Figure  f5-d),  the  • 

time  tiistcry  of  1 1.  ■  phase  recovery  forces  developed  in  the  NITINOL  fibers 

IS  shown.  The  tension  in  the  fibers  remains  equ-a  1  to  the  initial 

pr  e- 1  ens  i.m,  i.e.  ,i,d.  7N  >:  S  =  ,’P‘t.bN.  t 'tr  the  uncontrolled  case.  However. 

the  t.ow.-i/'m  irr  ..'‘^ases  to  rippr'ox  i  m.a  t  r' I  y  1000  N  when  eight  NITINOL  fibers 

ar  e  a.-"  t  i  v.r  t  ed . 

It  is  also  possible  to  energize  different  sets  of  the  NITINOL  fibers  to 
countorba  1  an.' e  the  extcrmal  lo.iding  .-ondition  in  order  to  prevent  buckling 
of  the  .tompo'Fite  beam.  For'  sm.ill  externa!  loads  it  is  only  necessary  to 

energize  a  few  fibers,  bvit  if  the  lo.id  increases  the  controller  can 

ens'rgi/e  a  l,,rg‘T  number  of  fibt'rs  to  m.iintain  th<>  beam  in  its  undefelocted 
i  orm . 

Ihe  effei  t  .af  varying  the  .-on  t  r  cd  1  <’r  parameters  on  the  performance  of 
'  f',e  a.  tive  control  system  is  shown  in  Figures  (6).  (7)  and  ( K ! .  In  Figure  ‘ 

;  1. 1  ,  the.  .'tfect  of  varying  the  c(.nlrol  dead-band  on  the  system  performance 
is  shown.  In  this  .'ise,  the  .ontrol  action  is  only  generated  when  the  beam 
del  le.  tien  excer’ds  lire  de.id  band.  fhis  is  accomplished  by  the  heating  of 
the  Nl'lINOI  fillers  .tnd  the  rieve !  opment  ol  the  phase  recovery  forces  as 
shown  in  Figures  |»,-i  )  an.f  If.-dl,  respectively.  For  the  range  of  dead 
t'.inds  considered,  between  0.()17f>  mm  .rnd  U.S.’S  mm,  Ihe  effect  on  the 
.  r  i  t  i  I.  a  I  li'.i.kling  loads  is  i  ns  i  gn  i  f  leant  . 

The  effect  of  decreasing  the  controller  gain  from  d'.’T  volt/mm  to 
I  Irv  15  volt. -mm  on  the  system  f><>t  I  ormance  is  shown  in  Figure  in.  This 
ef  f  e.  t  do.  re.ases  the  slope  ol  temperature  rise  of  the  NITINOl  fibers  and, 
in  turn,  tire  ial<’  at  whii'h  I  hr'  corresponding  phase  t  r  anrd  or  ma  t  i  on  forces 

,ito  r  e.'over  eq  Changing  the  conlrollr-r  gain  is  f  otind  to  influence  to  sorai'  i 

extent  the  -ritirHl  buckiing  ioad.  For  example,  when  the  controller  gain 

is  volt/mm  the  .  t  iti.  al  bu.'kling  load  is  150  N  and  when  the  gain  is 

redij.r-d  I  rr  lie,  15  vo  1 1  'mm  the  critical  buckling  load  be.  ome  about  850N. 

rherefiitfr,  redu.  i  ng  the  f.ontroller  gain  by  a  factor  of  1/,’U  only  results  in 

,1  10,5  reduction,  in  the  critical  buckling  load. 

The  effr'ct  that  the  pre-tension  has  on  ..he  system  pr’rformance  is  shown 
in  Figure  i  s  1  for  .a  dead  band  of  0.017(S  mm  and  rontioller  gain  of  ,’7,’7 
\  'Its  mm.  It  is  clear  from  f  he  results  obtained  th.at  ,  the  pre-tension, 
plays  the  m.'s'  r.j.  ial  role  in  r’n  t  r  .'■ !  1  i  ng  the  bu.kling  of  the  beam, 
increasing  t  tr-’  Ir’nsirrr.  from  o.O  Nctiber  to  31.7  N.’liber  ir. creases  the 
.  rit  i  ,1  i  on.  k '.  i  ,ig  if  art  from  about  100  N  to  050  N,  respectively 

4.  COMPARISON  BETWEEN  THEORV  AND  EXPERIMENTS 

Lh*'  mechanism  ,'f  a;,'tivelv  .'■■ri  t  r  r.. !  I  i  ng,  the  I'uikling  of  t  ht' 

N  IT !  Nii'L  -  r  e  i  nt -‘'r '■  e.d  l.eam  ■  an  best  be  undersl.->od  by  .  . --ns  '  der  i  i-ig  Figure 
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(9-a).  The  figure  represents  the  theoretical  prediction  of  the  buckling 
characteristics  of  actively  controlled  NITINOL-reinforced  beams.  In  the 
figure,  the  applied  axial  load  is  increased  gradually  at  a  linear  rate  of 
500  N/min.  For  the  uncontrolled  beam,  the  critical  buckling  load  is  fixed 
at  320  N  and  remains  unchanged  with  time.  This  load  corresponds  to  a 
pre-tension  of  33.5  N/fiber.  When  the  applied  load  becomes  equal  to  the 
critical  buckling  load,  the  beam  is  on  the  verge  of  elastic  instability. 
The  beam  will  buckle  once  the  applied  load  exceeds  the  fixed  critical 
buckling  load.  At  time  t  =  0,  the  controlled  beam  has  the  same  buckling 
load  as  the  uncontrolled  beam.  But,  when  the  controller  senses  any 
defleciion  greater  than  the  dead  band  due  to  the  application  of  tiie 
external  load,  the  buckling  characteristics  of  the  beam  is  enhanced  as 
represented  by  the  dashed  characteristics.  The  activation  of  the  NITINOL 
fibers  makes  the  beam  less  susceptible  to  buckling  as  the  critical  buckling 
load  is  increased  to  become  850  N  instead  of  the  original  uncontrolled  load 
of  320  N.  Accordingly,  the  controlled  beam  will  not  buckle  until  the 
applied  load  exceeds  the  theoretically  predicted  limit  of  850  N.  The 
effect  of  varying  the  pre-tension  levels  on  the  theoretical  prediction  of 
the  critical  buckling  load  is  shown  in  Figure  (9-b)  along  with  the 
corresponding  experimental  results.  It  is  evident  that  there  is  a  close 
agreement  between  theory  and  experiment. 

PRK  LOAD  -.m  f)  N  (PFR  FiUPR)  ! 
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Figure  (9-a)  -  Theoretical  prediction  of  critical  buckling  load  of 

controlled  and  uncontrolled  beams. 
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Comparison  between  theoretical  and  experimental 
critical  buckling  loads  as  function  of  the  initial 
fiber  pro-tension. 


Figure  (9-b) 


176 


Active  Maiciidls  and  Adaptive  Sinictures 


5.  CONCLUSIONS 

The  buckling  character  i  st  ics  of  N  ITINOl.-reinforced  composite  beams  have 
been  presented.  The  fundamental  issues  governing  the  behavior  of  this  new 
class  of  SMART  composites  have  been  introduced.  Applications  of  NITINOI. 
reinforcing  fibers  in  the  control  of  buckling  have  been  successfully 
demons! rated. 

Emphasis  has  been  placed  in  the  presentation  on  the  actuation 
capabilities  of  the  NITINOL.  fibers.  Extensive  efforts  are,  however,  in 
progress  to  use  the  NITINOL  fibers  to  extract  modal  and  physical 
d i splacement.s  of  structures  with  multi-modes  of  vibration  (Baz,  Poh  and 
Gi Iheany  1^91 ) . 

With  such  built-in  sensing  and  controlling  capabilities, 
N IT INOL-re inf or ced  composites  can  provide  a  means  for  continuously  tuning 
their  structural  characteristics  to  adapt  to  changes  in  the  operating 
conditions.  These  features  will  be  particularly  useful  in  many  critical 
structures  that  are  intended  to  operate  autonomously  for  long  durations  in 
isolated  environment  su< h  as  defense  vehicles,  space  structures  and 
sa  t  e 1 1 i t  es . 
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Recent  advances  in  nitinol  technology 
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ABSTRACT 

Despite  the  discovery  of  the  shape-memory  effect  in 
NITINOL  (Njcke^  -  Jjtanium  -  Naval  Ordnance  Laboratory) 
in  early  1960,  its  practical  uses  have  been  far  smaller 
than  expected.  The  reasons  for  the  slow  progress  are 
discussed  and  recent  advances  made  in  Nitinol  applica¬ 
tions  are  given  through  specific  examples. 


More  than  30  years  has  elapsed  since  the  discovery  of  ’memory 
effect’  in  TiNi  (generic  name  -  NITINOL) .  During  this  time 
interval,  no  less  than  139  papers  have  appeared  in  various  Journals 
on  the  subject  of  Nitinol.  The  break-down  of  the  publications 
according  to  the  field  of  investigation  is  given  in  Table  I. 
Meanwhile,  more  than  4,000  patents  have  been  filed  on  the  use  of 
the  shape-memory  effect.  But,  the  fact  remains  that  we  have  not 
gained  much  understanding  about  Nitinol,  and  the  actual  application 
of  Nitinol,  thus,  remains  elusive  -  only  a  handful  of  applications 
are  in  practical  use  (out  of  4,000  patented  ideas). 

The  reason  for  the  poor  advancement  of  Nitinol  application  is 
traceable  to  the  inability  of  the  Nitinol  manufacturers  to  provide 
material  that  meets  the  engineering  specifications  and  requirements 
of  the  potential  user. 

I  shall  now  describe  three  specific  cases  of  Nitinol  application  in 
the  medical  field  in  which  ITI  was  able  to  overcome  the  specific 
requirements  imposed  on  the  products  by  the  user. 


SINOSAUR*  MICRO-GUIDE  CATHETER 

The  first  one  is  known  as  Sinosaur*  Micro-guide  catheter  (Fig.  1). 
This  device  is  to  make  a  catheter  steerable  by  placing  thin  strips 
of  Nitinol  at  the  tip  of  the  catheter.  The  Nitinol  strips  are 
activated  (heated)  by  passing  electric  current.  Thus,  the  wider 
the  A,  -  At  interval,  the  greater  the  amount  of  current  is  required 
to  activate  the  catheter,  and  vice-versa.  Ideally,  to  obtain 
F.D.A.  (Federal  Drug  Administration)  approval,  the  smaller  the 
current,  the  better.  This  meant  the  Nitinol  activation  interval  Aj 
-  A;  should  be  small. 
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ITI  made  the  Nitinol  strip  with  the  A  -  interval  of  only  e'C 
(Fig.  2-a)  compared  to  the  conventional  interval  of  15°C  (Fig.  2- 
b).  Should  this  temperature  interval  have  remained  at  about  15°C  - 
20°C,  the  F.D.A.  approval  probably  could  not  have  been  obtained  and 
another  wonderful  patented  idea  would  have  gone  for  nought. 

Another  problem  associated  with  this  device  was  how  to  overcome  the 
thermal  hysteresis  that  is  inherent  in  the  martensitic  transforma¬ 
tion,  i.e.,  the  existence  of  Mj ,  Mj  temperatures  that  are  always 
IS'C  -  30°C  below  the  Aj,  At  temperatures.  To  illustrate  the 
problem,  let  us  assume  a  thermal  hysteresis  of  IS'C.  This  means  a 
Nitinol  strip  activated  (in  heating)  between  Aj  (43°C  -  just  above 
body  temperature)  and  At  (49°C)  can  only  be  restored  to  its 
original  condition  by  cooling  to  25°C  (45°C  -  IS'C).  But,  the  body 
temperature  being  37°C,  there  is  no  means  of  providing  25°C 
temperature  to  restore  the  Nitinol  strips  for  another  round  of 
activation. 

ITI  provided  a  solution  to  the  problem  by  thermo-mechanical ly 
training  Nitinol  strips  that  have  a  0°C  -  I'C  of  thermo-hysteresis 
'see  Fig.  2-a,b);  thus,  making  it  possible  to  restore  the  original 
condition  by  body  temperature.  In  this  manner,  both  problems  were 
overcome , 


’SIMON  NITINOL  FILTER’ 

The  second  application  of  Nitinol  is  know  as  the  ’Simon  Nitinol 
filter’.  This  is  a  vascular  filter  that  is  placed  in  the  aorta  of 
a  patient  to  filter  blood  clots  and  prevent  them  from  passing  to 
the  heart,  lungs  or  brain,  thus  preventing  heart-attack,  stroke, 
etc.  The  advantage  of  this  application  is  that  a  filter  made  of 
Nitinol  can  be  collapsed  into  a  small  tubing  below  its  TTR 
(transition  temperature  range)  and  can  be  delivered  to  the  desired 
position  via  catheter.  By  setting  the  Af  to  be  at  »  30°C,  the 
filter  can  be  deployed  (automatically)  in  the  37°C  blood  tempera¬ 
ture.  This  procedure  of  deploying  the  filter  via  catheter, 
eliminates  the  conventional,  invasive  (and  risky)  surgery. 

The  problem  in  this  case  was,  unlike  the  catheter  guide,  not  in  the 
’thermo-hysteresis’  or  in  the  narrow  temperature  interval  between 
Aj,  Af,  but,  rather,  in  the  requirement  of  F.D.A.  that  the  pre- 
loaded  filter  (in  the  tubing),  prior  to  delivery  to  the  hospitals, 
must  be  sterilized  in-situ  the  tubing  -  not  chemically,  but 
thermally.  This  meant  the  Nitinol  filter  in-situ  the  tubing  which 
has  been  ’programmed’  to  open  (Fig.  3)  at  37'’C,  must  stay  strained 
in  the  tube  and  be  heated  to  SO’C  -  go'C,  far  above  its  ’pro¬ 
grammed’  transition  temperature.  Yet,  upon  cooling  to  R.T.,  the 
filter  is  expected  to  open  (without  ill  effect)  once  deployed  into 
a  SO'C  -  SS'C  bath  (Fig.  3). 
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ITI  was  able  to  ’ thermo-mechani cal  1 y ’  train  the  Nitinol  filter  to 
perform  in  this  manner.  This  aspect  of  retaining  memory  after 
extreme  ster i 1 i zat i on  temperature  in  a  restricted  configuration, 
virtually  gained  the  F.D.A.  approval. 


ELASTORQ* 

The  third  case  has  to  do  with  catheter  guide  wire.  Heretofore, 
’guide  wire’  utilizes  the  ’superelastic’  property  of  Nitinol.  The 
advantage  being  the  flexibility  of  Nitinol  wire  that  allows  doctors 
to  maneuver  guide  wire  through  tortuous  passages  in  the  vascular 
system,  biliary  system,  etc.,  without  the  worry  of  permanent 
bending.  Nevertheless,  this  easy  elastic  bending  of  superelastic 
Nitinol  wire,  while  extremely  helpful,  it  also  made  it  difficult 
for  the  doctor  to  transmit  ’torque’  motion  faithfully  from  proximal 
to  distal  end  which  results  in  an  ill-effect  known  as  ’whipping’. 
In  general,  torsion  transmission  and  bending  motion  are  related  to 
shear-modulus  and  Young’s  modulus.  In  turn,  ’Young’s’  and  ’shear’ 
moduli  are  related  through  a  constant  known  as  ’Poisson’s  ratio’. 
In  a  given  material,  the  Poisson’s  ratio  is  a  fixed  constant  and 
cannot  be  changed.  Thus,  if  a  material  has  a  low  Young’s  modulus 
(thus,  easy  to  bend),  it  also  has  a  low  shear  modulus  (that  shows 
up  as  ’whipping’). 

The  question  is,  can  shear  modulus  be  enhanced  without  enhancing 
Young’s  modulus  at  the  same  time  in  Nitinol?  If  this  was  possible, 
we  would  have  the  desired  Nitinol  guide  wire  which  is  easily 
bendable,  and  yet,  eliminate  the  problem  of  ’whipping’.  This  was 
accomplished  at  ITI  and  is  being  produced  and  marketed  under  the 
trade  name  ELASTORO*. 

These  three  cases  of  Nitinol  application  illustrate  clearly  the 
distinct  problems  associated  with  each  application.  In  other 
words,  a  data-base  of  material  property  which  may  be  available  and 
useful  in  other  materials  is  not  possible  in  Nitinol.  This  is  to 
say,  Nitinol  is  not  an  ’off  shelf’  material  and  that  for  each 
application,  the  material  must  be  engineered.  Only  in  a  ’low-tech’ 
application  of  Nitinol  is  the  specific  engineering  not  necessary. 
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TABLE  I 


NITINOL 

'  NEVER  BEFORE,  A  SUBJECT  MATTER  INVESTIGATED  BY  SO  MANY  FOR  SO  LONG 
AND  YET  YIELD  SO  LITTLE  UNDERSTANDING" 

Between  1960  and  1990 

Physical  Characterization 

Structure  (Lattice) 

Mechanical  Property 
Transport  Property 
Appl ications 
Phase  Diagram 
Review  Article 


Total  139- 

Featured  in  more  than  50  magazine  articles,  while  six  major 
international  conferences  have  been  held,  and  more  than  4,000 
patents  filed  between  the  US  and  Japan. 


Number  of  Investigation 

46 

39 

23 

18 

10 
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Abstract:  (  nii\ ciil  ii  iti,'!  '.ir.ijn  u.mi’s  ;u<' of  Hiiiili'd  in  (I'll.nii  i.idin 
'iiv  in  iiiiiii’iil  .\  study  was  rundtuli'il  t  o  i'\  .iliiat  n  llic  Idaslbiljix  ,,| 
u-iiiL'  |M  r|\ viii\ lid'Ur  lluiiridn  as  a  very  sensitive  and  radiation  iesiv!,.nt 
''e'l!'  '-aue.  (  laye-  Were  fortlieil  Irnnitllin  lilnis  til  I  lie  |io|y\ in\ iii  lene  I!  II 
"I'.ii''.  .inil  iiini|iarei|  in  (i|ieial inii  with  siiintlartl  resisti\e  oaves,  lieaiinv 
'  ■  'i' '  ' "  I  ad  la  I  lull  de|)(  is|t  iuii  was  |>rei|irlei|  iisino  a  font  I  inter  iimdel .  I  .a!  HP 
'  a '  I'l and  .in.il  \  I  n  al  resnll  s  indical c  t  hat  |)u|y  vinviidene  lliiui  iile  |iei  lui  nis 
V.  ell  as  a  \  (M  \  seiisit  i  \  1  tly  naniK  si  rain  oage  with  ii'i|neei|  I  hernial  res]iuiise 
tu  ladiatiun  as  t  unijiareil  tu  statiilard  resist  i\'t' ottoes. 


Introduction.  IJ.idialion  eiivironnienis  C  tnil  aiiiiiig  liivh  levels  ul’  \  i.idialiun 
nresenl  harsh  |ili\si,al  ami  eleilriial  eoinlit  ions  to  t  raiisdnifis  and  insl  rimient  ,it  luii 
d  I  here  a  re  I  w, ,  i  h  ie|  pri  ihleins  whieli  conihiiie  to  hi  in  I  the  iisel  n  Iness  i  il  st  a  n 
d.i  I  d  res|  i  \  !■  si  1  a  1  n  vaoes:  I  i  railiat  ion  deposit  ion  in  the  vaoe  ami  its  hsids  i  ml  i  n  es 


I  seM  re  eleiiinal  muse  in  the  inst  riinient  al  ion  ere.ili-s  a  hivli  level 


kv  I  O!  I 
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( 'on\ I'lit  nai^i-s  l  amiut  :«■  mm  1  in  rciiums  when’  sn:>niir.nit  x  l  av  'Imu' 

I  lirc)Ui:li  rxi<’ IX' I  lira  I  '•I  rain  u;aais  arc  made  of  a(omi(  nniiil  k-i  ( limli  /  j  n  in  ,1 N 
'iirli  ,1''  rci|>|>(i.  ri  disl  ant  an.  nirlinimc.  etc.  \\  lien  llic>c  u,au,<'x  aic  ii^cil  tu  uica'-urc 
I'll  irtailialcil  hav  X  inalcrials  (sin  li  as  cailmn  carlions.  <  arlxm  |)i:n  iln  x.  alii 
iniinnii.  cii.)  ihcv  an-  snsrc|it  ililc  to  radialion-iinlincii  licatin”.  I  jii'  Inalin'i  ni!I 
'  "min  I '!!  me  1  lie  irai’c's  alidil  y  to  y  ii-ld  an  aernrale.  rail  in  a  ted  vi  la  j  n  sn.;na  I.  i  ’rn  ,1  ii 
lion-  m.i}  lie  taken,  ^aeh  a'  shii'ldin"  I  In'  siatrix  lint  these  nieasni  0  nia\  romi  n  oini-" 
1  lie  etiert  i  \  enes^  of  )  jio  naye  or  tin'  eondil  iotls  of  I  h"  ex  per  in  lent  'I  L’  . 

K,,d  i.l'  ion  1 1  id  need  ion  i /at  ion  etiti  yi\e  rise  to  si, eni  lira  III  eli'rl  1  ie;d  not  -e  rill  I  nr  '  in 
ill"  -jr  i:,ii  r  a  try  ill”  rases.  \'erv  'inall  >1  rains  I,  ~  I II  s  ol  /ml  rain  I  )ii  odm  <■  on!',  y "it  - 
fi'oiii  a  s'aii'iard  re^i-i  i\  c  yaire  Inidye.  I  Id.  small  si”nal  ie.|iiires  a  iaix!"  de”iri'  oi 
an  1:  il:  lira'  ioii  and  often  the  ime  of  spec  1,1 1  k'dfers.  rirrnli  r'.'  and  raliliii”  in  an  a'  >  en  1  p' 
'll  attain  an  airepiaiile  signal  to  noi'e  ratio. 

-t  111  I  \  was  I  olid  nr  ted  lo  evaluate  I  In'  feasiliility  ol  iisiii”  poly  \  iny  lidene  tloii  1  a  !e 
'  1 '  \  1)1  or  I  ’\  h  i.a  pie/oeh'i  i  rtr  pol  viiier.  as  a  III”  li  l\  seiisil  i  ve  a  nd  h  nv  a  t  oinir  n  n  1 1 1 1  m  i 
/  I  d \  nai nil'  st  rain  si-nsin”:  elemi-iil .  Snrii  a  uaye  is  all  rai  1  i\e  lor  1  wo  1  ea'on~:  I  1  it 
|ios.,c..-es  a  liiv.li  level  eleriliral  response  to  stiaiti.  and  '.ft  il  IS  relative!)'  lr<m')  neni 
I  o  X  - !  a’,  s,  rl'e-i'  "a”e-  were  tested  for  '  oi  relal  ion  lo  resi.sl  i\e  si  rain  'j,a”es,  .Model]  1  n  ” 
of  tlie  yaye  and  elertrirai  rirriiil  was  perforiiieil  to  desi”ti  paranieirir  e'<pri  inieir  a  i 
-Indies  to  di'lermme  elferls  of  various  na.ije  parameters  on  ]iei  iorm.mrc  . 

Description  of  Work  anti  Results.  .\  Imipied  parami'iei  eieitnral  ri  -pons,- 
III'  idel  was  derix  ed  for  the  ”a,i;e  and  associated  rireiiit  ly.  .Soliil  ions  lor  d  \  11  amir  a  m  pi  1 
tinie  and  plnise  In'liavionr  were  ohiaiiierl  fora  inimlier  o!  <  onilnnat  tons  o|  ”a”e  are.i, 
as[ierl  latio,  and  I’X'III''  thickness.  This  was  used  I o  design  a  parameliic  sind\  tio| 
matiix.  .\  nmnlier  of  rniis  were'  made  nsiii.i^  PSl’lCI',  [-'ii  (a  c  ircuit  aiiaixsi-,  ccidel  lo 
\  .didal  e  the  sim[iier  lnm|>ed  para  met  c-r  model.  I  Ic-al  imt;  etfec  I '  d  ne  to  x  i  ii\  '  an  li.it  ioii 
were  (cunpiited  nsiii”  an  enc-ruy  deposit io.i  rode  (tlli.M)  j  '|). 

Stiind'ircl  r<  sisli\('  ”ai;c's  wc're  c'omparc'cl  to  l*\  Dh  /cacyc-s  for  a  '.'.iriet)  ol  dxnanii' 
strain  in[)nts.  I  he  ”a”es  were  altarhecl  to  prisii’.at  ie,  rant  ilex  cred  heams  ol  'aMoiis 
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I'iL'dic  2:  i\ <■  si  1  aiii  uauc  (iiii|)iil. 

wlm  !i  i '  iiiiiulil y  I  lie  ri|ui\aii'iii  i>l  a  //si  rain  |>i'iik  iu-|ii’ak  siu;nai.  wlirii-as  i  lie  1  ’\  I)  1  ’ 
'Jilin  Unix'  Ii'M'l  in  I'inmi'  :!  is  snl>sl;ini ially  Icavit.  I  lie  l’\  1)1  ami  icsisliM'  liay/'s 
rill  sirain  immnilmK-  i.imjfs  l•^»|,-(l  wiiidi  im  Imlcil  |ii  ;ik  li>-|>i-ak  strains 
I’l'l '■I'll  in  //-'lain  111  l."i  niillisl  r  lin. 

I  Ih'  <i!i.i!'.  I  n  al  ;iiii(|i  |  iirovidcd  a  liasis  lor  ext ra|>(ilal in,a  lalioratorv  |)crtorniani'f 
I''  a.  lual  lo'l  iii'l  niincnl  ill  ion  cnvironiiKMit  s.  l.ihlc  1  iircscnts  a  ( (ini|iarison  of  lire 
lin  I'll  oii'[aii  n'\i  1'  |oi  a  rcsi-l  ivc  s|  rain  Kane  iiml  a  l’\  l)k  jra'jc  willi  ami  wiilioiil 
calili'  I . him. 

Clonrliisions.  1  Im  li-asilnlily  ol  nsini'  l’\  Dk  as  a  low-Z,  sensitixo  sirain  'jajo 
w,is  il('i  iionst  ra  I  oil .  I  Im  lowor  /,  i'oTn|)osil  ion  l/’ads  lo  roilmod  llionnal  ros|ionso  lo 
X  rays,  and  allows  Im  forward  plai minonl  in  radialion  onvironiiioni s.  1  In'  y/iuo  works 
Will  wiih  sl;imlard  sirain  irauio  insi  rninont  al  ion. 

l’\  1)1  is  oxoollont  lor  nio;is\irin!i  dynamic  icsiionso  ami  oxiromoix  low  slraiiis. 
Its  onlpiil  is  al  loasi  i  xxo  orders  ol  maeniliido  Kroalor  than  llial  ol  ros|slixr  yayos. 
rosuliimj;  in  a  inm  !i  liit;lmr  siynal  lo  noiso  ralio.  I’\  1)1  ros[ionso  is  linear  oxer  a 
'Aide  ranje  ol  s||,|in  aiiiplit  iides  amt  oxa-r  a  wiiN-  ilxnainic  ramje  of  Ireijnem  ies,  Im 


AVu'  Sensor  C'()H(  cpt.s 


0.025 
0.020 
0.015 
I  O.OlO 
I  0.005 
I  O.O(X) 

5  -0.(X)5 

I  -0.010 

-0.015 
-0.020 
-0.025 

0  4  8  )2  16  20 

Time  (millisecond.'s) 


PVDFGiige 


Fimirc  PX'DI-'  strain  ga!»(>  output. 


lalilo  1:  ( 'oniparisfjii  of  Prodictod  Resistive  and  P\  1)1'  ( iiiiti-  (Pil^pi 
!n|)iit  Strain  Resistive  (!age  nri<lg<'  l,o\v-'/  ( lage  ( 'u\' ) 


(//St  rain ) 

Oulpitl '  (mV) 

No-F<)ad  (Iage‘ 

lOO’  t'al/l. 
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:i.5t 

1  l.Ox  10' 

2.50  X'  10' 
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1.02 
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.102 
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50 

.006 
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10 

.010 
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.OFix  III' 

.All  outputs  are  prior  to  aniplilirat ion 

'  Iti'sistive  gage  hridge  excitation  voltage  l.OV,  gage  factor  2. H  i 

‘  P\’!)l'  filni  without  any  external  capacitance 

''  RP  ■_>!  cahle  (u  lO/'F/foot).  0.175x0.2-")  inch  gage  an-a 
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sciisit  i\  il y  iii;ik<’S  it  idoal  for  use  in  the  study  of  pn'cisioii  st  niet  iires.  such  as  spaic 
St  flirt  ili'es. 
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ABSTRACT 

Cracking,  due  to  loading,  is  a  major  problem  in  materials  durability  because  the  cracks 
increase  permeability.  The  sensing  of  cracking  or  corrosion  of  a  settable  material  by  a 
chemical  or  physical  sensor  which,  in  the  process  of  sensing,  starts  the  activation  of  a 
remedial  process  is  the  topic  of  this  research.  Specifically,  materials  containing  various 
types  of  hollow  porous  fibers  filled  with  a  chemical  which  release  into  the  matrix  at 
appropriate  times,  or  over  time,  are  designed  to  address  some  issues  of  material  brittleness 
and  durability;  i.e.  cracking  and  corrosion. 

1.  SMART  MATERIALS  FOR  SENSING  AND  REMEDIAL  ACTION 

In  these  smart  materials  sensing  and  repair  actuation  occur  by  the  activation  of  a  timed 
release  of  a  repair  chemical  into  the  matrix  due  to  a  stimulus  which  is  itself  the 
environmental  agent  of  attack.  These  are  passive  smart  materials  requiring  no  outside 
feedback  loop  nor  continuous  monitoring.  Rather,  they  are  activated  by  each  environmental 
loading  or  impetus.  The  sensors  and  actuators  are  disturbed  throughout  the  structure,  thus 
providing  remedial  action  where  and  when  needed. 

2.  CRACKING 

Loading  over  time  has  a  cumulative  effect  which  can  lead  finallv  to  complete  deterioration 
of  the  component  or  structure.  The  design  to  alleviate  this  problem  consists  of  hollow 
porous  fibers  containing  crosslinking  crack-closing  chemicals,  adhesives,  polymers,  or 
crystallizing  rehydrater  which  close  the  cracks.  The  chemicals  are  released  from  fibers 
when  they  deform  due  to  loading.  This  is  the  ideal  situation  in  which  the  agent  of 
environmental  degradation,  namely  loading,  is  the  stimulus  to  release  the  repair  chemical 
by  fiber  deformation,  breakage,  unlinking,  or  coating  debonding.  (See  Figure  1.) 
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Trigger  Release  of  Repair  Chemical  Occun  Due  to  Loading  Which  Causes  Cracldng 
and/or  Fiber  Deformation  Alkalinity  Charge  Which  Activates  Corrosion 

Figure  1.  Sensing  and  Repair  of  Material  by  Timed  Release  of  Chemicals  from  Fibers 


A  specific  application  of  the  cracldng  repairing  idea  is  a  material  in  which  the  release  of 
crack  filler  from  stretched,  cracked,  or  debonded  fibers  heals  matrix  cracks  and  rebonds 
debonded  fibers  to  the  matrix.  Several  designs  for  this  are: 

1. )  Tensile  loading  stretches  the  fiber,  causing  contracdon  (Figure  2)  duo  to  Poisson’s 
effect,  thus  releasing  the  chemicals  from  the  porous  fiber  wall. 

2. )  Tensile  loading  causes  debonding  of  a  hollow  porous  fiber  from  matrix  and  stripping 
away  of  coating,  thus  releasing  its  chemical  through  the  pores  of  the  fiber.  (Figure  3) 


PULLING  CHANGES  FIBER'S  POISSUN'S 
RATIO,  FORCING  CHEMICAL  THROUGH 
MEMBRANE’S  PORES 
Figure  2. 


COATING  YIELDS  FROM  MATRIX 
LEAVING  COATING  BEHIND; 
CHEMICAL  IS  RELEASED  FROM 
UNCOATEO  FIBER  PORES 
Figure  3. 


3.)  Tensile  loading  breaks  the  hollow  fiber,  thus  releasing  its  chemical.  (See  Figure  4.) 


FIBER  BREAKS  DUE  TO  LOADING; 
CHEMICAL  IS  RELEASED 

at  break 


Figure  4. 
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4.)  Compressive  loading  causes  the  unlinking  of  a  twisted  fiber  bundle,  from  which  the 
chemicaJ  is  released  into  the  crack.  (See  Figure  5.) 


Figure  5. 


5.)  Heal  of  120°  F.  melts  the  fibers’  wax  .oating,  releasing  a  monomer,  drymg  out  the 
matri.x.  Then  a  higher  temperature  polymerizes  the  monomer  in  the  matrix  (Figure  6).  ^ 


heat  MEU'tS  FIBER'S  WAX  COATINQ; 
ALSO  CEMENT  MATRIX  IS  DRIED 


MONOMER  IS  RELEASED  THROUGH 
POROUS  WALLS:  GOES  INTO  THE 


MORE  HEAT  POLYMERIZES  ihE 
monomer  in  THE  MATRIX 
Figure  6. 


CORROSION 
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anticorrosion  chemical,  protects  the  steel.  In  this  dcsig  appropriate  pH  (1 1.5), 

porous  fibers  coated  with  polyol.  Polyol  dissolves  in  The  cause  of  deterioration, 

Ls,  releasing  the  anticorrosion  chemical  (see  Figures  7  ci^osion  is  the 

reduction  of  alkalinity  due  to  chlonde  or  car  on  i  ^  ^  action  (release  of  calcium 
sensor  (coating  dissolution)  also  which  actuates  the  remedial  acuon  treie 

nitrite). 


anticorrosion  CHEMICAL  IS  REUASEO  THROUSH 

PiRcn  PORES  HEAR  THE  REBAR  AT  THE  TIME  WHEN 
THE  Ph  IS  appropriate  for  start  of  corrosion 


fiber  coating  dissolves  as  Ph  CHANGES 
OVER  TIME 


Figure  7. 


Figure  8. 
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Prci;.T'.;r:ar>'  results  show  that  the  design  to  prevent  corrosion  damage  will  work  (see  Figure 
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COMPARISON  OF  VOLTAGE  DROP  (mV)  ACROSS  A  10  ohm  RESISTOR 
OF  VARIOUS  SAMPLES  UNDERGOING  CORROSION  TESTING 
Figure  9. 


The  successful  release  of  chemicals  from  fibers  was  documented  using  a  scanning  electron 
microscope.  Photo  1. 


SL'.MMARY 

Known  ^man  materials  such  as  piezoelectric  materials,  martensitic  transformation  materials, 
etc.  sense  a  change  in  a  particular  physical  parameter  and  actuate  in  response.  They  are 
well  characterized  materials  which,  because  of  their  unique  properties,  have  many 
applications.  The  smart  materials  using  time  release  arc  different  from  those;  a  design  is 
made  for  each  application  from  individual  components.  These  uiilor-made  smyt  rnaten  s 
consist  of  several  parts,  including;  1.)  an  agent  of  internal  deterioration,  for  insmce 
dynamic  loading  which  causes  cracking,  2.)  a  stimulus  to  release  the  rep^ng  chemic  , 
3  )  a  fiber,  4.)  a  coating  or  fiber  wall  which  can  be  removed  or  changed  in  response  to 
the  stimulus.  5.)  a  chemical  carried  inside  the  fiber,  also  6.)  somedmes  a  way  of  hardening 
or  linking  the  chemical  in  the  matrix.  Fibers  and  mechanisms  to  release  the  chemicals  such 
as  fiber  breakage,  coating  dissolution  arc  the  sensors,  while  the  sumulus  as 
■mergv  change  in  pH.  and  actual  release  of  the  chemical  work  together  as  actuators.  These 
sman'matenals  containing  sensors  and  actuators  acting  together  are  thus  I® 

passive,  automatically  activated,  and  arc  distributed  throughout  the  matenal  to  provide 

rerr.edial  action  anywhere  it  is  needed. 
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AB.STRACT:  A  technic]ue  has  been  developed  which  alktws  a  single  piece  of  piezoelectric 
material  to  concurrently  sense  and  actuate  in  a  closed  loop  system.  The  motivation  behind 
the  technit]ue  is  that  such  a  self-sensing  actuator  will  be  truly  collocated  and  has  applications 
in  active  and  intelligent  structures,  such  as  vibration  suppression.  The  usefulness  of  the 
proposed  device  was  experimentally  verified  by  actively  damping  the  vibration  in  a 
ctintilever  beam.  A  single  piezoceramic  element  bonded  to  the  base  of  the  beam  functioned 
berth  as  a  distributed  moment  actuator  and  strain  sensor.  Using  a  positive  position  feedback 
law  the  first  two  modes  of  vibration  were  suppressed;  the  first  mode  five  percent  settling 
lime  was  reduced  from  .5,‘i  to  ()..J  seconds  and  the  second  mode  settling  time  was  reduced 
from  7  seconds  to  0.9  seconds. 


INTRODUCTION 

This  paper  describes  a  technique  in  which  a  piezoelectric  actuator  and  sensor  are  combined 
into  a  single  piezoelectric  element  called  a  self-sensing  actuator.  One  benefit  of  a  self-sensing 
actuator  is  that  the  sensor  and  actuator  are  truly  collocated.  Collocated  control  has  been  shown 
to  have  a  number  of  advantages  relating  to  the  closed  loop  stability  of  the  structure.  For 
instance.  Goh  and  Caughey  (1985)  have  shown  that  in  the  absence  of  actuator  and  sensor 
dynamics,  structures  controlled  with  collocated  velocity  feedback  are  unconditionally  stable  at 
I'll  freijuencies. 

The  self-sensing  actuator  has  a  number  of  desirable  properties,  related  to  collocated  control, 
not  easily  achieved  with  a  separate  piezoelectric  sensor  and  actuator.  As  mentioned,  one 
property  is  that  the  self-sensing  actuator  is  truly  collocated.  The  best  that  can  be  achieved  with 
a  separate  sensor  and  actuator  is  to  have  the  two  elements  in  close  proximity.  Another 
desirable  property  is  the  elimination  of  possible  closed  loop  control  problems  arising  from  the 
capacitive  coupling  between  the  sensor  tuid  the  actuator  elements.  This  is  not  an  issue  w  ith  the 
self-sensing  actuator  because  only  a  single  element  is  used. 
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DESCRIPTION  AND  VERIFICATION  OF  THE  SELF-SENSING  ACTUATOR 

Figure  1  shows  j  model  of  tlie  piezoelectric  material  used  here  to  illustrate  the  operation  of  the 
seif-sensing  actuator,  A  voltage  is  produced  in  a  piezoelectric  material  which  is  proportional 
the  applied  strain.  In  Figure  1  this  voltage  is  indicated  by  Vp.  In  an  actuator  there  will  also  be 
a  voltage  applied  from  the  controller  and  this  is  indicated  by  v^  in  the  figure.  The  capacitor  C 
accounts  for  the  dielectric  properties  of  the  material.  The  capacitance  is  measured  either  at 
constant  stress  or  at  constant  strain  C^.  In  a  traditional  piezoelectric  sensor  there  is  no 
applied  voltage  and  thus  Vp  can  be  directly  measured  to  determine  the  strain.  In  an  actuator 
there  is  an  applied  voltage  v^  across  the  actuator  which  makes  it  impossible  to  directly  measure 
voltage  modelled  by  Vp. 


The  bridge  circuit  shown  in  Figure  2  is  used  indirectly  measure  vp,  and  thus  indirectly 

measure  the  strain  in  in  a  piezoelectric  actuator.  The  bridge  circuit  accomplishes  this  task  by 

eliminating  the  signal  due  to  the  controller  v,-.  The  capacitor  Cj  is  chosen  to  be  equivalent  to 

the  constant  strain  capacitance  of  the  piezoelectric  material.  The  two  capacitors  indicated  by 

<* 

Ct  fomi  AC  voltage  dividers  with  the  two  capacitors  Cj,  and  Cy.  The  output  from  the  voltage 


dividers  are  at  outputs  at  y\  and  vs.  The  sensor  signal  Vj  is  determined  by  subtracting  vy 
from  v].  The  sensor  signal  v^  will  be  proportional  to  piezoelectric  strain  voltage  Vp  and  it  can 
be  shown  that: 


V  1  -  VT 


^  r'  P 

Cp  -H  C2 


Thus  the  voltage  due  to  the  controller  v^  has  been  eliminated. 


(1) 


The  use  of  the  self-sensing  actuator  bridge  circuit  was  experimentally  verified  by  actively 
damping  the  first  two  modes  of  vibration  in  an  aluminum  cantilever  beam  of  dimensions  38. 
2.3.1  0.08  centimeters.  Bonded  to  the  base  of  the  beam  was  a  single  piezoelectric  element 
which  acted  both  as  the  sensor  and  actuator.  The  bridge  circuit  shown  in  Figure  2  was  used  to 
determine  the  strain  in  the  actuator.  The  strain  signal  from  the  bridge  circuit  was  fed  back  to 
the  piezoelectric  element  through  a  Positive  Position  Feedback  (PPF)  controller  (Fanson 
1987),  which  was  designed  to  suppress  vibration  in  the  beam's  first  two  modes.  The  beam 
was  excited  in  one  of  its  modes  by  a  second  piezoelectric  element  and  then  allowed  to  free 
decay.  The  free  decay  time  responses  for  the  first  two  modes  of  vibration  of  the  experimental 
beam,  both  with  and  without  the  self-sensing  control  are  compared  in  Figure  3. 


The  bridge  circuit  used  here  determined  the  strain  in  a  piezoelectric  actuator.  Using  similar 
methcxls  the  stress  could  also  be  determined.  This  could  be  accomplished  by  making  the 
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capacitance  C3  in  Figure  2  equal  to  the  constant  stress  capacitance  of  the  piezoelectric  material 
instead  of  the  consttint  strain  capacitance. 
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FIGURES 


Figure  I.  Two  equivalent  electrical  models  for  the  piezoelectric  actuator,  and  Qc  are 
respectively  applied  voltage  and  charge  generators:  Vp  and  qp  are  respectively  the  equivalent 
voltage  and  charge  generators  due  to  polarization  of  the  material,  attributed  to  the  piezoelectric 
effect.  For  a  strain  sensor  Vp  is  proportional  to  strain  and  the  capacitance  is  the  value  at 
constant  strain  C  =  C-C  For  a  stre.ss  sensor  Vp  is  proportional  to  stress  and  the  capacitance  is 
measured  at  constant  stre.ss  C  = 


Figure  2.  Self-sensing  actuator  circuit  for  position  sensing  (strain  sensing).  is  the 
capacitance  of  the  piezoelectric  material  measured  at  constant  strain  and  C3  is  chosen  such  that 
C?  =  Cp.  The  .sensor  signal  is  v^. 
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(a)  first  mode  response 


time  (seconds) 


time  (seconds) 


Figure  3.  Comparison  of  the  free  decay  time  response  of  an  active  cantilever  beam.  A  single 
piezoelectric  element  bonded  to  the  base  of  the  beam  was  used  for  both  sensing  and  actuation 
in  a  position  feedback  loop  (PPF).  The  closed  loop  response  is  the  solid  line  and  the  open 
loop  response  is  the  dotted  line  for  the  first  mode  (a)  and  the  second  mode  (b). 


Helper  presented  til  the  ADHA  AS \t I-.  SFfh  Ctinf.  on 

At  live  Mtilerials  and  Adaptite  Slriit  liirtw  Sewion  11 


199 


A  novel  sensor  for  adaptive  and  smart  structures 


Nisar  Shaikh 

Department  of  Engineering  Mechanics  and 
Center  for  Materials  Research  and  Analysis 
University  of  Nebraska-Lincoln 
Lincoln,  NE  68588-0347 
U.S.A. 


ABSTRACT 

One  of  the  most  important  characteristics  of  an  adaptive  or  "smart"  structure  is  its  ability 
to  sense  its  own  state  as  well  as  environmental  stimuli.  The  sensing  function  is 
performed  by  sensors  which  are  integral  parts  of  structural  members.  The  optical  fiber 
IS  a  typical  example  of  a  state-of-the-art  sensor.  A  novel  sensor  is  developed  by 
sputtering  a  piezoelectric  film  on  a  metal  fiber.  This  sensor,  similar  in  configuration  to 
an  optical  fiber,  is  active  and  shows  great  potential  for  application  of  sensing  dynamic 
strain  in  structures. 


INTRODUCTION 


Adaptive  and  smart  structures  have  the  capability  of  actuation,  such  as  the  ability  to 
maintain  a  prescribed  or  programmed  state  (Wada,  Fanson,  Chen,  and  Kuo  1990).  Integral 
to  the  above  operation  is  a  continuous  sensing  ability.  Optical  fiber  and  piezoelectric 
transducers  and  skins  have  been  incorporated  into  the  structure  for  vibration  and  shape 
control  (Swigert  and  Forward  1981),  (Claus,  McKeeman,  May,  and  Bennet  1989).  The 
need  for  a  durable,  efficient,  and  multi-functional  sensor  has  motivated  continuing  research 
into  new  sensors  (Shaikh  and  Dillon  1990).  A  novel  sensor  is  developed  by  coating 
piezoelectric  material  on  a  metallic  fiber.  Similar  in  application  to  optical  fiber,  the  new 
sensor  is  active  and  does  not  require  an  external  signal,  and  subsequent  conversion  to  an 
electrical  output.  The  sensor  is  most  suited  for  fibrous  composites,  where  it  can  be  easily 
incorporated  into  filament  and  strands.  Several  of  these  sensors  can  be  conveniently 
dispersed  or  distributed  along  the  entire  structure. 

'  PiiKhshirig  I  ij 


200 


.-li7(V('  .\ia!i'rials  and  Adaptive  Sinictarc.s 


PIEZOELECTRIC  RLM  SENSOR 

Piezoelectric  layers  have  been  used  as  sensors,  and  are  often  referred  to  as  "smart-skins.” 
The  feasibility  of  a  strain-sensing  property  by  a  piezoelectric  film  was  demonstrated  by 
conducting  vibration  measurements  on  beams  made  of  stainless  steel  strips  deposited  w'ith 
Zinc  Oxide  (Shaikh  and  Dillon  1990).  In  the  past,  piezoelectric  films  have  been  used  for 
ultrasonic  transducers  in  the  frequency  range  of  Mega  Hz  to  Giga  Hz.  !n  contrast,  the  Zinc 
Oxide  coated  strips  were  successfully  tested  at  frequencies  of  the  order  of  100  Hz,  to 
simulate  the  vibrations  of  a  structure.  Thus  the  piezo-films  are  effective  at  frequencies 
much  lower  than  their  resonance. 

PIEZO-FIBER  SENSOR 

A  fiber  sensor  is  developed  by  coating  piezoelectric  Zinc  Oxiue  on  an  Ni-Cr  wire  of  14a 
micror..  m  aiameter.  In  an  elegant  arrangement,  the  metal  fiber  functions  as  one  electrode, 
while  the  structural  member  in  which  the  sensor  is  embedded  acts  as  another  electrode. 

STRUCTURAL  CONFIGURATION 


To  test  piezo-fiber  sensors,  cantilever  beams  were  constructed  with  two  brass  strips.  The 
piezo-fiber  sensor  was  sandwiched  between  the  strips  and  held  with  ejxixy.  Graphite-epoxy 
composite  beam  samples  were  also  made  with  sensor  wires  placed  between  the  carbon 
layers.  The  cross  sections  of  these  beams  are  shown  in  Figures  la  and  lb. 

PERFORMANCE  TESTS 

F^ch  beam  was  tested  for  its  inherent  ability  to  sense  vibration.  The  two  electrodes 
described  earlier  were  directly  attached  to  a  digital  scope.  Adequate  signal  was  generated 
without  the  need  of  an  amplifier.  The  tests  consisted  of  forced  vibration  through  a  shaker 
table  as  well  as  natural  vibration  by  impulse. 

The  plot  of  natural  vibration  of  the  cantilever  beam  m.ide  of  brass  strips  is  si.own  in  Figure 
2a.  A  damped  natural  vibration  containing  both  low  and  high  frequency  modes  is  seen. 


(  ross-scctidns  of  beams  with  embedded  piezo-fiber  sensors 


The  forced  \  ibration  tests  consisted  of  exciting  the  base  of  each  beam  on  a  shaker,  which 
goes  up  to  0  kHz  in  frequency.  The  forced  vibration  response  of  the  carbon-epoxy  sample 
is  shown  in  [  igure  2b  The  top  signal  is  from  the  embedded  sen.sor.  while  the  bottom 
signal  IS  from  an  .iccelerometer  mounted  on  the  cantilever  ba.se. 
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Abstract 

We  study  a  matlieniatical  model  of  a  thermo-merhaneiaJ  process  inrliid- 
ins  phase  irausition,  'I’ wo  time  scales  appear  in  tlie  model;  one  arises  from  the 
thermal  process,  while  the  second  relates  to  the  pha.se  transition.  A  numerical 
simulation  is  used  in  a  preliminary  study  of  these  phenomena. 


i.NjJiojnunoN 

The  dynamics  of  mechanical  systems  with  components  t'  at  exhibit  a  shajx'-mcmor-y  rjjcrt  is 
an  interesting  and  important  topic.  The  design  of  such  iiiechanical  systems  is  certainly  made 
more  tractable  by  the  availability  of  accurate  mathematical  models.  The  ])urpose  of  this  paper 
is  to  describe  some  efforts  with  a  numerical  simulation  for  one  such  model,  and  to  examine 
some  of  the  effects  of  system  parameters  on  the  dynamic  response.  The  model  we  use  has  been 
studied  by  Hoffmann  d  al  ( lOS'l).  and  is  based  on  work  by  Colli.  Fremoud  and  their  co-workers 
[Fremoiid  (10S7).  Colli  rt  al  (  IflSS).  Colli  (  19X9)]. 

N I A T 1 1 K  M  A  r  IC  A  t,  M  O  t> B t. 

We  have  in  mind  an  alloy  with  three  crystalline  phases  which  we  canonically  name  .Martensite- 
plus  (.V/+),  Martensite-minus  {.M~)  and  .Atistenite  (.4).  We  consider  a  model  in  one  spatial 
dimension  and  adopt  a  macroscopic  view  so  that  at  a  given  lime-space  point  [((,t)]  each 
crystalline  phase  exists  iti  some  phase  fraction  (O  <  ,f,  (/.  J-)  <  1.  I  =  1,2,3]  and  these  pha.se- 
fr.Tctions  sum  to  unity. 

The  "state’  of  the  alloy  can  be  described  by  four  variables:  the  temperature,  the  phase 
fractions  of  the  two  Martensitic  pha.ses;  and  the  iongitudunal  displacement.  The  evolution  of 
each  variable  is  be  described  as  a  function  of  time  and  spare.  The  underlying  physics  for  this 
ev.dution  is  given  by.  conservation  of  energy,  conservation  of  linear  momentum  and,  a  mixture 
evolution  rule. 


pent)  -  pf{i)\  -t-  di)  ~  p-i)n' (\))(d\  -  :h)eln)  -  p{dt\'(0)  -  «(i?))£(M)(.di  -  ih)  = 

i-othj-T  -t-  (A  4-  2p)cf»)  -  o(>f)(/i|  -  =  0 


d-2 


/-o(d)£(H)  +  ^(tf-  tfo)\ 

‘hrrJ  ''  V-t-o{l?)f(u)  A-  -  do)/ 


+  P 


+  pddlidl.ih)  3  0 


(1) 

(2) 

(.')) 


w  here  for  I  g  [0.  7']  and  c  €  [0,  /.]  frir  some  T  >  0,  /,  >  0, 
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u(t.T) 

£ 

( 

p 

Co 

xh 

k 

n(0) 


absolute  temperature 

the  fractions  of  the  two  martensitic  phases 
longitudinal  displacement 
strain  given  by  e  =  Ui 

latent  heat  for  Austenite 
material  denisty  p  >  0 
heat  capacity  co  >  0 
critical  temperature 
thermal  conductivity  >  0 
Lame  constants 
thermal  expansion  function 
(see  Figure  1)  =;► 
relaxation  time-constant 
diff\ision  coefTicient  Temperature 

is  the  indicator  function  of  the  closed  convex  sunset 

K  c  {(‘A  ■  €  R-" ‘^1  ^  0.  d'z  ^  b,  +  /A  S  1 } 


/  ( .  dz ) 


for  (dx.d-z)  €  K 
+CJC  otherwise 


Equation  (1)  results  from  a  energy  balance  equation.  Equation  (2)  results  is  the  quasi-static 
form  of  the  linear  momentum  equation  and  Equation  (3)  describes  linear  viscous  behavior  and 
diffusion  of  the  phase  ratios  The  phase  ratio  of  austenite  is  given  by 

ih  iSz 

The  special  form  of  the  Indicator  function  I  forces  the  3,  to  take  admissible  physical  values 
between  0  and  1  with  the  sum  equal  to  1.  The  variational  inequality  (3)  is  needed  because  of 
the  sub-gradient  dl .  This  arises  because  the  set  K  has  sharp  corners. 

The  initial  and  boundary  conditions  are: 


11 

o 

(H) 

,y,(o.c)  =  .y;>(r)1 
,m.r)  =  A?(x)j 

(12) 

kx1^[l.d)  +  a(xntA))-xJa)  =  (\'\ 
kxl^{t.  L)  -1-  a{i){t.  L)  -  x>i  )  =  0) 

(Bl) 

/b,('.0)  =  dzjl,0)  =  ihAi-  lA  =  dzrU-  fA  =  0 

(B2) 

»(t,0)  =  0  1 

«(t,  b)  =  «/.(*)  > 

(Bii) 

Uxift.O)  /,)  =  oj 

where 
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On.  Of. 
a 

'‘lU) 


—  initial  temperature  of  the  alloy 

--  initial  phase  fractions  for  the  two  martensitic  fractions 

—  prescribed  constant  boundary  temperatures 

—  Newton  cooling  coefficient 

—  prescribed  displacement  function 


Time  St'Ai.iNG 


Wdiile  many  of  the  parameters  in  tl  e  model  are  well  understood,  several  of  them  are  more  dif¬ 
ficult  to  measure.  In  particular,  the  relaxation-time -parameter  k  and  the  diffusion -])arameter 
C  in  the  phase-transition  dynamics  m  ist  be  estimated.  We  have  in  mind  a  parameter 
identification  problem  wherein,  the  physical  system  is  subjected  to  .some  external  excitation 
(e.g.  nj,(t)in  (B3))  and  some  measurements  of  the  time-varying  response  are  recorded.  These 
'data'  are  then  used  in  conjunction  with  mathematical  optimization  to  produce  ‘best  fit'  pa¬ 
rameter  estimates.  .As  a  preliminary  step  we  examine  some  of  the  effects  of  parameter  values 
on  the  mathematical  predicitons.  We  focus  on  the  time-scale  issue. 

The  parameters  in  the  dynamical  equations  (1-3)  can  be  grou]>ed  to  more  clearly  illustrate 
the  time  scale  issue.  Since  time -derivatives  appear  in  only  first  and  third  equations  we  can 
write; 


0  -  Pi  ■  f.fl  +  jf)  -  d(T(d)(T|  -  .h,)f(l/)  -  (ih»'(d)  -  o(d)):(u)(.f|  -  if.)  =  Orj.  (T) 


T 


_  .  (‘hrA  ,  +  I'-AO  -  t9„)\ 

\dj  Wo(d)f(ii) -I- P2(d  -  I'hi)/ 


+  i«/(3,..;#-,)9  0 


(3') 


The  length  of  the  'wire'  has  been  tiormalized  to  unity  and  the  temperature  scale  has  been 
defined  so  that  (iT  -  0,))  is  the  unit,  'Fhe  time  unit  is  r  =  p  co  ■  t'/t;,  which  is  the  length  -squared 
divided  by  the  thermal  diffusivity.  The  parameters  are  given  by 

_  f  ^  j  _  A'c.i 

~  ra(0..  -  Oo)’  ^'~raO,i’  "  t 


Niimeric  ai,  Resi  i.ts 


The  existence  proof  in  Hoffmann  (t  (il  { 19S9)  is  based  on  a  fixeil-point  argument  applied  to 
an  iteration  map.  The  numerical  results  presented  here  were  generated  by  a  fully  discrete, 
finite  difference  scheme  that  is  patterned  on  the  iteration  map.  We  used  this  rode  to  predict 
the  response  to  a  smooth  ioading  iil(()  in  (11.3).  We  have  taken  pi  =  p-.  =  1  and  (,’  =  0  and  we 
will  vary  the  time  scale  parameter  T.  Tor  a  i  ft  metallic  wire  the  thermal  time  constant  (our 
unit  time)  is  about  GOO  seconds.  It  is  expected  that  the  phase  transition  dynamics  are  much 
faster,  so  we  use  'small'  values  for  T.  The  total  time  interval  is  about  180  sec. 

Shown  in  Fig.  '2  is  the  response  for  the  rase  T  =  10"“'.  From  the  upper-left  the  four  component 
figures  are;  u{t.T)  displacement.  ;  0{t,x)  temperature,  ;  phase 

fraction  of  A/'*’.  and  ifaft.r)  phase  fraction  of  ,-1.  Note  that  the  A/'*'/.!  boundary 
propagates  about  l.fiT  from  each  boundary. 

In  contrast.  Fig.  3  is  the  respon.se  for  the  ra.se  T  =  I0~'.  To  save  .spare  here  we  only  show 
the  0  and  .fr  responses.  The  u  response  is  about  the  same  as  in  Fig.  2,  while  di  and  .f-)  are 
complementary.  It's  clear  that  the  'slower'  phase-dynamics  produces  smoother  responses.  The 
vertical  scales  in  Figures  2  and  3  are  not  the  same.  In  Fig.  2  the  .1  fraction  varies  from 
inO'XtoO'T.  while  in  Fig.  3  the  lower  bound  is  about  90%.  As  expected,  the  slower  dynamics 
produces  less  .1  =>  Af'*'  phase  change. 
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Atistr.i<  t.  In  tins  pAp«T  wf  us<;  a  finite  elf'iumt  s<iicme  to  approximate  the  solutions  of  a  riyn.iniieal 
<if  i>hasf‘  transitions  in  Sliape  Memory  Alloys  with  Lan<Iau-Devonshire  p«*tenti.tl.  N\nn«  rii  a) 
results  are  shown  <ui»l  open  prot)|eins  are  disettssed. 


1.  INTRODUCTION 

(’nnsidor  the  sysfi’iii  of  partial  ditferential  etpiations 


pll,i  -  rpu^ri  -  =  /  (11) 

-fl  ('J'o),  -  kOjr  -  okOrrt  -  ffni',  -  S  (  1  '-i) 

fur  J'  €  U  C  IR  'ind  0  <  i  <  T.  Systrin  (M-'2)  fortiially  (loscrilx's  tho  dynaniics  of  pliasr  Iraiisi- 
tiiiii  in  a  oni'-diiiirnsional  psciidocdast ic  niatori.il  and  arises  from  Iho  consorvation  laws  for  liinvir 
niniiiiMil ntn  and  onorgy.  Tlii'  parainotors,  fnnrlions  and  variables  involvi-d  in  (11-2)  am  dofinod 
liy:  !i  =  u{x.t)  -  displaconiont ;  0  —  fl{rA)  -  tmipcratiim;  p  -  constant  mass  ilcnsity;  r  -  viscosity 
constant;  k  -  thermal  conductivity  corlhcicnt:  /  =  f(r,t)  -  distributed  loads;  «  =  ii(j'.l)  -  density 
of  heat  sources;  it  -  short  thermal  memory  roedicient,  vl*  =  . c,-. (?)  is  the  llemholtz  free  energy 

di-nsily,  and  ({t.I)  -  nj.{r,t)  is  the  linearized  { macroscopic)  strain.  We  refer  to  [5]  and  [9]  for  the 
details  aliont  the  derivation  of  eipiations  (1,1-2).  Oiir  system  is  complemented  by  the  following 
initial  and  boundary  conditions; 


n(j-,0)  =  Uii(j-), 

II 

o 

s 

tl(j-.O) 

=  (?u(-r),  for  z-  €  n 

(l.:t) 

i) 

() 

—  'I*  (u,.  Uj-j-.O)  =  (Tflt). 

Ill 

k—Oij-.l)  =  I, 
Oo 

((?!-  -  (?)  . 

for  I  G  f?U,  0  <  (  <  7 

(1-1) 

where  o  is  the  outwaril  normal  unit  vector  to  fin. 

ibi  is  a  positive  constant  and  0\-  is  the 

temper- 

atnre  of  the  surrounding  medium. 

riif  re  are  several  results  on  the  existence  and  uniqueness  of  solutions  to  system  (1.1-2)  for 
difTerent  typos  of  initial  and  boundary  conditions  and  for  dilferent  forms  of  the  free  energy  'J'  ([3], 
[4],  [5],  [7],  [8].  [10]).  See  [1]  for  a  brief  summary. 

2.  NUMERICAL  APPROXIMATIONS 

In  this  paper  we  are  concerned  with  numerical  approximations  of  the  solutions  of  the  initial 
boundary  value  problem  ( I  l)-(  l.-l)  when  the  free  energy  density  is  given  by  the  Landau- Devonshire 
potent  iai 

♦  ((.t?)  'l'„(fl)  +  Oj{(?-(?i)f'-'-04<''-bor,r'’  (2  1) 

^  I  hj«  w«>rk  w.v  siipportP«l  in  part  hy  (Iip  Air  Fttrcr  Office  of  Srimtifir  Rpsearrh  uinler  grAiil  AFt)SH  MU-IXM.M  nnd 
f))r  I  )r'friisr  A'lv.vi«'r.|  Hrsr,-\r«  li  Projects  Agrnry  vuifler  omlr.vl.^  F-11*f'»20-H7-(’-0l  1 F.  aiul  l-KH  K-l)721 
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witl>  ♦n(0)  =  -C,0ln  ®  +  C.  where  or^.  <^4.  «6  arc  positive  constants,  6\  and  9^  arc 

critical  toniperatures.  C\  is  the  specific  heat  and  C*  is  a  constant. 

(  (Uisider  the  particular  case  in  whicli  H  =  (0,  1),  a  =  0,  v  =  0  and  the  free  energy  density 
is  given  as  in  (2  1).  Then  system  (1.1-2)  can  be  writen  in  the  form 

flU,,  -  {'2<C.(9  ~  9,}l‘r  ~  +6<>6tl*)^  =  /  (2.2) 

(",9,  ~  'Jn-jOurU,.,  -  =  y  (2.:!) 

ft)  be  satisfied  in  li  =  ({),  1)  for  D  <  ^  <  I  wliere  u  and  0  satisfy  the  initial  and  boundary  corulition.s 
(  I  il  n  We  proptise  I  lie  following  finite  dimensional  approximations  for  u  and 

A -ft  iV+1 


where  the  o'  s  .-tre  the  hsuhI  cuinc  splines  in  (0.1).  a'^  {!)  and  b'^  (t).  — I  <  i  <  +  1,  are 

11  >efhcients  tn  he  cinnpnted  .'ind  .V  -c  ;!  IS  the  order  of  the  approximation.  The  projeclirjn  into 
l  '  Span{o,  1  of  the  weak  fortnnlation  in  /.■((),  1)  of  I'lpiation.s  (2.2  d)  yield  the  followiiiK  finite 
dimensional  system 

I  pMA"ii)  -  e,(/i  +  F:U)  +  /’(.'. /e 
1  (WiH'it)  =  i-k-s  +  s)ii{i)  +  a,{t)  +  a-iit)  +  Q{A.  in 

where  .1(h)  =  eo/[ii..i(r)  av  +  iid)].  H(t)  F  cr>/[6_i(/)  6,-,(()  ...  h.v  +  i  (f )  ]. 

-  [<<.•>;. o,  >].  =  (<  o'.o;  >].  FA')  =  ro/[< /(-.O.Oj  >]. 

f-AD  e,,;  [it,  (HOjif)  i;:,',].  dAD  =  (•<./[<;;(./).  O,  >].  (.';(/)  =  e,./[<:,(?r(0,/)r.^j(0)  + 

*■,«,■(  l.0O;(l)|.  r’{A,ti)  -col[-  <  >fr.(n,''.d' ).o;  >J.  Q{A.  n)  -  rot  [-’tin  <  0^u')'ui‘’,.Oj  >]. 


'F 

II 

II  ■ 

-1  —1  -T 

II 

(1 

0 

where 

r  i 

-1  -16  —1 

II 

0 

^  (.v  +  .aixi.vyai 

-1  -d  -1 

We  have  dropped  the  index  ".V"  where  it  wa.s  clearly  understood  by  the  context  Here  ,d.  B.  F^ .  F-t. 
f’l  ('2  F{A.  B)  and  Q(/l.  B)  are  all  (.V  +  d) -dimensional  vectors,  ,\f,  .S' anil  .S’  are  ( .V +  11)  x  (.V +  :i) 
matrices  and  <  ,  >  denotes  the  inner  product  in  /-'(O,  1).  Hy  defining  ('(0  =  d'lf)  system  (2  1) 
can  he  writ  ten  .ws  the  following  system  of  first  order  OOK's: 

[  A'if)  =  (V) 

J  (■'(()  =  p-’.\f“'  (Fi(n+  FAl))  +  l>-'M-'r(A[t).B[l))  (2,C,) 

[  B'{l)  =  C,-' M-'i-hS  +  S)B{I)  +  ((;,(/)  -K/sf/))  +  .\/-'g(.l,  B) 


or.  eipiivalently 
where 


\‘(t)  =  AX(t)+  F(t)  +  M{.\{t)) 


.\(t}  =  [A{t)T  C{lf  H(f)^r.  .!(/)=  0  0 


0  0  C-'.ff-'f-t.s' +  .S) 
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0 

0 

r(t)  = 

p-'.\t-'(r,{t)  +  FAi)) 

and  NL{.\{t))  = 

c;-‘.v/-'(6’,(/)-bf;2(0) 

C-'M-'Q(A{t),B(t)) 

where  /,v+3  denotes  the  identity  matrix  of  order  N  +  3.  The  initial  condition  for  (2.7)  is  obtained 
as  usual  by  postulating  the  error  at  time  (  =  0  to  be  orthogonal  to  =  Span{c!>,},  Thus,  we 
obtain 

.v(0)  = -Vo  =  (d(o)'r  r(0)^  fl(o)'’r 

with  .1(0)  =  .If-T'o,  nO)  =  and  B{0)  =  M-'Bo,  where  f/o  ^  cot[<  uo,0,  >], 

f'l  =  rot\<  ui,0,  >],  and  Bq  =  ro/[<  6u,0,  >)■ 

.Summing  up.  we  want  to  approximate  the  solutions  of  the  IVP 

*  l.V(0)  =  A-„ 

fur  U  <  /  <  T. 

3.  NUMERICAL  RESULTS 

For  the  alloy  AueiCu.tuZn.tr.  the  following  data  was  reported  in  [2]:  02  24  J  cm*'^K“', 

04  =  l.o  X  10'’  J  rru”'^.  o,i  =  7..0  x  10’’  J  rm"^.  Of  =  208  K.  -  2.9  J  cm"®  K"'.  k  —  1.9  W 
cm"'  K"',  (>  -  11  1  g  cm"®.  VVe  took  On(i)  =  200  K,  no(x)  =  0,  ii|(x)  =  0,  0|-(O  =  200  K  and 
(Tj-in  as  111  Fig  1  Notice  that  the  tiiaximun  stress,  cr|-(10"®)  =  250,  is  slightly  above  the  plastic 
yiehl  corresponding  to  the  temperature  0  =  200  K.  VVe  u.sed  a  sixth  order  Runge-Kutta-Verner 
method  to  solve  (i;' )  for  this  alloy.  The  program  was  run  in  an  IBM  3090  with  vectorization 
facilities. 


Fig  2  shows  the  evolution  in  time  of  displacement,  temperature  and  deformation  obtained  with 
.V  =  10  and  k\  -  100.  Notice  how  the  stress-induced  phase  transition  produces  large  deformations 
and  increases  the  temperature  near  the  boundary.  F'ig.3  corresponds  to  N  =  10  and  it]  =  500. 
No  significant  change  in  deformation  is  observed  with  this  increase  in  iti  However,  the  boundary 
starts  to  cool  off  faster  due  to  the  greater  influence  of  the  external  temperature. 

VVe  are  currently  investigating  the  influence  of  the  parameters  02,  04,  or>  and  C„.  The  goal  of 
this  effort  is  to  develop  computational  schemes  for  the  identification  of  system  parameters  which 
will  allow  us  to  validate  the  model.  V'alidalion  of  the  model  will  enable  us  to  proceed  to  develop 
computational  algorithms  for  control  of  this  .system.  Finally,  by  introducing  new  parameters  in 
the  stress-strain  relations,  local  and  global  memories  can  be  captured  ([!]),  The  resulting  system 
is  now  a  partial  functional  differential  equation  Similar  schemes  for  this  modified  model  are  also 
been  studied. 


■U  tivc  Muicnals  aiul  Adaptiw  Sinu  turcs 


Displacement 


'  empercture 


Deformation 


Kig  J;  Kvolulion  of  ilispl.ici'inctit,  li  nipi  rai iin- 
;irul  lii  fdrm.ilinii  .V  10,  k\  —  100. 


Displacement 


cmpcrctcrc 


■Dc'crmation 


I'ig t):  lAoliilinii  (if  (lispl.ironu'iil .  l(■Illp''r.•lt iiri' 
.'itid  (l('f(irin;iii(>ii.  .V  rz  10.  k\  =  ."lOO 

Hkkk.rk.scks 
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(  onstitiitive  modeling  of  phase  transition  in  smart  materials 
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Acfivi'  Materials  am!  Adaptive  Struc  tures 


Fi'Auir  1:  Saiujili'  of  polyi  met  hyl  inctliiuTylaf<  )  (a)  as  cold  rolled,  and  (h)  after  i>;rad- 
ualiy  lii'tifiim:  to  200  C. 

dctorincd.  .After  ftjur  minutes  the  sample  underwent  no  fnrther  deforiutif ions.  This 
l.'ii  ire  ilefoi mat  ion  is  most  likely  iittrihtited  to  the  thertntd  iritidi'-nt  in  th«'  ttven  since 
file  sample  tdwtiys  hends  fowttrds  the  htick  of  the  oven  which  is  hotter.  Residual 
sficsses  should  tiot  si^nificiintly  contrilmtioti  to  the  deformtif ion.  Sainides  wert'  also 
pnt  into  an  oven  which  wtis  preheated  to  150  C.  <ancl  ISO  C.  The  resnits  were  similar, 
hilt  the  stntiples  ilid  not  show  the  cracks.  In  all  ctises  the  tixdal  directioti  htid  an 
approxitmtte  ■■io  'A  str;iin.  the  width  of  the  s;im])le  ttlso  had  <m  apptroxitnate  .45'X 
strain,  and  the  thickness  incre.ised  to  irivc  an  tipitroximate  strtdn  of  250'/l .  The 
t'olnme  chant'c  wtis  simill  :in<l  of  the  order  of  severtd  lierceiit  stritin.  The  time  needed 
for  the  sample  to  reticli  a  fititil  shape  wtis  iiicti’ased  to  tdamt  ten  minntes  for  tin'  lower 
temiierature. 

I  his  i  hainre  in  shaiie  c:in  he  iisi’d  tot  developiii";  large  slrttin  actmitors.  self  healing 
na  iuheis.  aiid  memhei's  whii'h  can  jti'riortn  I'otiiplex  motions.  In  tiddition.  snict'  these 
inateiials  are  transparent  and  their  response  is  very  ])redictal>ie.  loctdized  hetitmg  can 
he  Used  to  Ilia t luf.'i c t lire  [larts  of  comple.x  shtipes  in  ;m  ;iutom;ite<l  system  which  .allows 
the  piodiiction  of  precision  paits  m  small  <iu:mtittes. 

2  Mathematical  Modeling 

(  omplex  ileformatioiis  can  he  studied  once  a  mathematical  tnotlel  to  chanicteri/e  the 
heiim  tor  of  the  mtiteiial  lias  been  developeil. 

The  most  simple  model  developed  must  at  least  he  ahle  to  (a)  htindle  large  <lefor 

Illations  of  several  hniulrod  percent  strain,  and  ( h)  capture  the  characteristic  of  shaite 

reco\'er>'.  The  following  mode!  c;in  handle  both  these  retpurements  and  is  based  on 
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f  i"iirr  2:  .S;iiiij)lrN  nt  j>olyi  iiirt hvl  mi't ii;ici yhiti- 1  jmt  hi  ;in  oven  whicli  \va>  ]in'ln’ati'il 
to  1!.)')  C.  Li  ft;  sauijil'-  hi  fori'  putiiii'i  inio  the  o'.eii:  Ceiiti’i:  ^ampler-  ipieiH’lieil  in 
'.valei  at  (liHereiit  point-  ol  the  lieatiii"  pio.-e--;  Hioht:  -ample  aftei  full>'  ili'foiiiiiim; 
ilni'  to  tile  lu'atiiHi.  Total  proee--  look  foiii  minute-. 


tin'  exteii-ion  of  idea.-  oriiriiiallv  developerl  foi  iionliiieai  pla.-tieity.  Tlii-  model  eaii 
not  eapriiie  all  ot  the  vi-eoela-t  ie  lielia\  ioi  -ei-n  in  aetual  polyniei  -.  It  i-  -inpile  to 
•  .vtend  rlii-  model  to  eajinue  the  \  i-eoehi.-t  ii-  iie!ia\ioi 

I  he  h;i-ie  -t  tint  tile  ol  a  -iiiiple  mat  heintii  teal  nicjiiel  wiiich  ftin  tieeount  fof  -haiie 
memory  i-  a-  follow-.  The  material  will  la  eon-idered  an  ela-tie  plastie  material 
hellow  the  tran-ition  rem]ieraturt'.  In  a  mtnuier  -imilai  to  nonlinear  t hei nio  pla-tieity. 
It  will  he  a.— timed  that  the  -econd  Piola  Kii ehholl  -t re— .  St/I.  i-  'j,i\en  hv  a  fmielion 
ot  'he  I'll!  rent  \'alne  ot  t  lie  riulil  C  auehy  -t  ram.  C'l  '  '.  the  eorre-jiondm"  pla-t  ie  -train. 
C  '  ,f  I  a  ltd  the  t  elllj  let  at  111  I  •.  Tl  /  ! .  rill-  1  elat  ional  dependeliee  will  he  W1  It  t  ell  a- 

Si/1 


where  C‘  i  t  I  i-  riven  liy  a  flow  rule  of  the  form 


C'  I  /  1 


(X"  ._  (/(.•  ■  ov- 

■  /  -1  :  C  t  . 

l/7  dC  ,Jf 


Oniittiii”:  the  last  term,  tin-  would  eorre-]ioml  to  a  fully  -train  -pai  ed  foi  iimlatioii  of 
the  model  originally  developed  hv  Green  and  .Xaiilidi  (lllhol.  The  la-t  term  iii  the 
eiiuafion  im]ihe~  that  the  iila-tie  -tram  ean  eham;e  without  the  int  rodiiet  ion  ot  any 
eliaii-e-  m  the  total  -Ham  or  temperature  i  normally  eou-ideied  a-  material  aiiiiin  r 
Ihi-  term  1-  the  key  feature  needed  to  niodi'i  -hajie  memory  material-. 

In  hettei  Ulldur-taiid  the  ehai aeterist ie-  of  the  model  i-onsidei  a  imaterial  which 
1-  pla-tieally  defornied  helow  the  t ran.-it ion  temperatuie  and  i-  ~uh-ei|uently  heatei! 


214  ti  live  \t(in-nii/.s  tinJ  tihiplivc  SiriK  lures 

’ll  iiiuAr  till-  1 1  Illicit  1(111  liiiijii'i  linin'  iimi  liclil  ui  a  i-omiaut  -'nain  aiid  i  ciiijn  rat  ui  i  . 
It  tin-  ti  Mil  ^  '  1,  iH'natiM'  alxivi'  till-  t rani'll loi;  ti'iiipi'raturc.  tlifii  tin-  plasric  ~rraiu 
.'l  iii  L'ladual!’!  K-ihni'il.  Simi-  tin-  total  stiahi  it-  k(']>t  constant,  the  elastic  strain  will 
.  ac;  ease  ’o  co!Ti|)eusat  e  lor  t  he  rc'lnclion  in  nlastic  strain  ami  the  .strt  ss  in  the  material 
.'.-.i!  iii'  i'  ase.  rills  mlileil  stiess  will  ill-  i.vaaaliie  to  do  work. 

It  v.ill  lie  assiiK.i  ,i  that  the  hi-t  f.vo  tert:;s  ’:i  the  ennai.o’,  Uir  the  ra’e  of  plasttc 
-■ !  aiii  Ill  Ho  to  ,1  to  ahooe  the  t  rtiii'it  ion  teinperti'  n;'”.  1  h'  -  last  term  in  tins  ei|nai  a,;, . 
*  \'.  i!l  he  taiceii  as  iieearive  ahove  the  transition  temperature  and  noimally  /i  lu 

hi  ii the-  I  empe;  at  in  e.  Since  the  rate  of  chan.i;e  i..ii  plast  ic  st  tain  nnist  ho  to  /  ero  a- 
li.e  p.asia  siiaiii  Hoes  to  niiity,  tut  eiination  of  the  form  =  oiT'i  C'  t-  I  is  a 

po--io;i  ii  cr;on.  vdiiie  lo  7' 1  Is  Zero  helow  the  transition  teinperattire  and  neHtitr.e 
a  I H  i'o  ; ' 

3  Bending  of  a  Bar  Due  to  Nonsymmetric  Heat¬ 
ing 
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Nonlinear  constitutive  relations  for  piezoceramic  materials 


Shiv  P.  Joshi 

Center  for  Composite  Materials,  Aerospace  Engineering  Departments.  University  of  Texas  at 
Arlington,  Arlington,  TX  76019 

ABSTRACT;  Piezoelectric  material  produces  electric  charges  when  mechanically  de¬ 
formed  and  an  electric  potential  causes  a  mechanical  deformation.  This  property  makes  it 
suitable  for  sensor  and  transducer  applications.  The  understanding  of  the  electroelastic 
constitutive  behavior  is  critical  to  predicting  the  response  of  a  structure  with  embedded  pi¬ 
ezoelectric  material.  A  concise  formulation  of  relevant  nonlinear  constitutive  relations  is 
presented  in  this  paper. 

!•  INTRODUCTION 

Although  the  behavior  of  piezoelectric  materials  in  non-structural  applications  has 
been  investigated  extensively,  the  treatment  is  often  simplistic.  The  recent  interest  in  “Smart 
Structures”  has  put  especial  emphasis  on  the  rigorous  understanding  of  elctroelastic  behavior 
of  piezoceramics  as  an  integral  part  of  a  structure. 

The  nonlinear  theory  of  dielectrics  has  been  studied  by  Toupin  (1983),  Nelson  (1978) 
and  Tiersten  (1981).  The  relation  between  the  equations  of  linear  piezoelectricity  and  the  more 
general  electroelastic  equations  is  discussed  by  Tiersten  (1981).  Nelson(1978)  presented  a 

completely  deductive  derivation  of  the  dynamical  equations  and  constitutive  relations  for  elas-  i 

lie.  electric,  and  electroelastic  phenomena  based  on  the  fully  electrodynamic  Lagrangian  the¬ 
ory  of  elastic  dielectrics.  Penfield  and  Hans  (1967)  developed  a  linear  piezoelectric  theory 
which  does  not  account  for  gradient  of  polarization  and  electrostatic  interference.  Mindlin 
(1974)  derived  a  system  of  two  dimensional  equations  for  high  frequency  motions  of  crystal 
plates  accounting  for  coupling  of  mechanical,  electrical  and  thermal  fields.  Readers  interested 
in  this  area  may  refer  to  books  by  Nye  (1964),  Berlincourl  et.al.  (1964),  and  Landau  and  Lif- 
shit/  (1960).  A  phenomenological  description  of  the  dynamic  response  of  piezoceramics  to  an 

external  electric  field,  including  domain  reorientation  processes  and  the  dynamics  of  dipole  ^ 

moment  in  each  domain,  has  been  developed  by  Chen  et.al.  (1979,  1980,  1981,  1983). 

A  concise  formulation  of  linear  constitutive  equations  for  piezoelectric  materials  is 
presented  by  Joshi  (1991).  This  paper  extends  the  formulation  to  include  some  important  non¬ 
linear  effects  encountered  by  piezoceramics  in  “smart  structure;?”  applications. 

>  top  Piihhshint!  I  id 
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2*  LINEAR  CONSTITUTIVE  EQUATIONS 

The  physics  involved  in  the  piezoelectric  theory  n\ay  be  regarded  as  a  coupling  be¬ 
tween  Maxwell’s  equations  of  electromagnetism  and  elastic  stress  equations  of  motion.  The 
coupling  takes  place  through  the  piezoelectric  constitutive  equations. 

We  will  adopt  index  notations  in  this  paper  for  convenience.  We  will  employ  the  iher- 
niodynamic  Gibbs  potential  to  derive  constitutive  equations  and  will  consider  the  (stress 
components),  (electric  field  components),  and  T  (absolute  temperature)  as  independent 
\ariables. 


G  =  U  Ei,bi,~TS  I  KOI  I 

where  G  is  the  Gibbs  potential,  S  is  the  entropy,  and  U  is  the  internal  energy.  For  adi- 
tihatically  insulated  reversible  system,  the  total  differential  of  internal  energy  is 


dU  =  a  dc  +  E^dbt  +  TdS  iKo:. 

ij  IJ  « 

and  therefore  the  total  differential  of  Gibbs  potential  is 


dG  =  -  e  da  -  t>tdE^-  SdT  ii  O  .i^ 

Expressing  the  Gibbs  potential  in  Taylor  series  and  neglecting  higher  order  lertiis.  we 

obtain. 


dG  dG  dG 

JG  =  (^)  <iCT,+  (^)  dE^+i^)  dT 
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From  eqs-3  and  4 
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The  total  differentials  of  dependent  variables  D,.  and  S  is  given  as  a  function  of  in¬ 
dependent  variables  as 
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arc  clastic  compliance  coefficients,  piezoelectric  strain  constants,  coefficients  of  thermal  ex¬ 
pansion,  dielectric  permittivities,  pyroelectric  coefficients,  respectively;  and  c°-^'  is  the  specific 
heat  and  p  is  the  mass  density.  Integrating  eq.  6,  we  obtain. 


,„  +  d',R+a^AT 

Im  t/n  n  ij 


a.  IC 

AS  =  a'  o,  +  /)”£  -r  AT 

Im  Im  t  n  n  'r 
'O 

Piezoceramics  are  widely  u.sed,  therefore  we  will  specialize  eq.  7  for  them.  The  consii 
uuivc  equations  of  the  polarized  piezoeeramics  are  equivalent  to  the  equations  for  a  piezocry  s- 
lal  of  the  hexagonal  6mm  symmetry  class.  In  abbreviated  subscript  notation  these  equalioiis 
may  be  written  as 


e,i  =.rf|'o,,  +.r[;'c5_,,  +  .v;V'o„  +  4|E,  +  afAr 

+  afAT 
+4,f:,  +  a'-AT 

Tv^  '  -.v'-,' 'l 

c,,  =  .r^'o,, +  (/[,£;.  £,,  =  +  <,£,.  c,_,  =  jo,, 

/>,  =  c/f,a,,  +  c7,’'£,  ^r'lAT.  t>.  =  4(T,,  +  e°,'£,-r/;;’A7- 
0>  =  (/(i  (0,1  +  a.,)  -r  +  e®/£,  +/»“Ar 


A.y  =  al  (o..  +  cr„)  +  0*0,^+/,” (£,  +  £,)  +/;“£,+  ' 


AT 


try  .Si 


In  cases  where  temperature  v,ariation  is  negligible,  neglecting  temperaiurc  terms  am 
willing  cq.  8  in  compact  matrix  notation,  we  obtain 


{cl  =  |5"|  {a}  -f  |(/|  {£} 

(FO 

[b)  =  Idl'^lo}  +  Ic”!  {£) 

Where. 
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The  alternative  constitutive  formulations  may  be  obtained  by  considering  other  poicn 
lials.  The  final  linear  constitutive  relations  in  compact  matrix  notation  are  presented  below  ,  riic 
temperature  change  is  assumed  negligible  and  therefore  not  included  in  the  relations 
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{ai  =  [C'l  {£}  -  1;?|  {E\ 

{£>}  =  kl'^{e}  +  le'l  {£> 

or  (F.Qll) 

{a]  =  (<r^|  {ef  -  1A|  {t>} 

=-  +  IP'l  {6} 

Where, 


[C^l  =  |5^r'  lj?l  =  ic^l  1^/1  le'l  =  |e°|  -  Ul''‘|j| 

I  (Kyi2i 

|C'>|  =  [C'\  +  (,<;|  IP'I  l^r  I/.I  =  Ul  IP'I  IP']  =  le'T 
Eqs.  1 1  gives  alternative  forms  of  linear  constitutive  relations.  The  coefficients  are  re¬ 
lated  to  each  other  as  given  by  eq.  12. 


P*  NONLINEAR  CONSTITUTIVE  EQUATIONS 

The  strain,  electric  displacement  and  entropy  are  assumed  to  depend  linearly  on  the 
sire.s.s.  electric  field  and  temperature  (eq.  6)  in  deriving  eq.  7.  Some  higher  order  effects  can  he 
brought  about  by  including  second  order  terms  in  eq.  6,  as  follows; 
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are  nonlinear  elastic  compliance  coefficients,  electro,striction  coefficients,  elastostrie- 
litm  coefficients  and  nonlinear  dielectric  permittivity  coefficients,  respectively.  Integrating 
equation  13,  we  obtain. 


^ij  ^  d,j„E^  +  2^ Im^ P4i 

=  d„„o,,  t°„£,  -I-  ^  + 


-d  £  £  +  K  ,  o,  £ 

2  "  f  ijlmn  Im  " 


(FQ  15) 


Piezoceramics  are  brittle  materials  and  elastically  behave  linearly  up  to  the  failure. 
Eleetrostriction  coefficients  are  important  at  high  electric  field  strengths.  In  ca,ses,  where  me- 
ehanical  stres.ses  are  applied  in  addition  to  electric  field  (piezoceramic  is  constrained  from 
(reely  deforming),  the  elastostriction  coefficients  .should  be  included  in  constitutive  relations 
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We  will  neglect  nonlinear  elastic  compliance  coefficients  and  nonlinear  dielectric  perniiiiis  ii> 
coefficients,  and  write  eqs.  (15)  in  an  abbreviated  subscript  notation. 


i>k  =  +  z°E,  +  ^  +  d.a.a^E. 


IKQ  II. 

Where  greek  subscripts  take  values  one  to  six  and  others  one  to  three.  The  electrosiriciion  co 
efficients  and  elastostriction  coefficients  are  reduced  fora  piezoceramic  poled  in  the  .^-direciiori 
which  is  also  an  axis  of  symmetry.  These  coefficients  are  written  in  abbreviated  matrix  form  in 
the  following  equations. 
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Similar  expressions  can  be  obtained  by  considering  strain  and  electric  field  or  strain  aiul 
electric  displacement  as  independent  variables.  These  alternative  forms  of  nonlinear  consiiui 
tive  relations  are  presented  as  eqs.  19  and  20. 
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Relationships  between  coefficients  given  by  eq.  12  are  not  applicable  to  nonlinear  eon 
stitutive  equations. 
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Intelligent  materials  for  future  electronics 
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\HSTR\(  T 

I'p  !>>  ni'W.  ck's'trunic  devices  h.t\c  been  ni.nlc  usin^  m;ilcri.il,s  wiili  itiven  ch.trjeU-risiiv s.  In  ih.-  hilute, 
ni.ileri.tls  sluniUl  be  designed  l»>  ^ivc  tfic  <.les«fctl  ch.ir.ulerislics  ti*  eleclri'nie  devices  As  ni.jv  be  interred  Ir  en 
the  uidesjire.td  Use  i>l  sernu  onduett‘rs  m  elcelft'nic  devices,  scmiconduelors  .ire  .it  (rreseni  indisjn  ns.iMe  I-'  'In 
elect rtnues  irufusrrv  }  finvever.  d  v.e  rely  ext  lusivcly  uptm  scmicondiictois.  see  run  the  i  isk  .d  iiniieri.il  In  r t ,ie-. 

( 'I'fisetjuently.  (here  is  a  need  h'f  new,  .ilterniilivc  nialcri.ils.  Such  new  matenals  are  .ilrea.K  beiiu'  reterre  1 
bv  a  reeenlSy  coined  term.  Inlelli^ent  Materials". 

There  is  little  hupc  for  finding  such  intelliccnl  materials  in  nature.  It  mav.  however,  be  p.'ssible  t"  dev.  l^'p  [fi m 
thnnieh  a  kind  ol  '(ienetic  Fngineering  in  Material  Science". 

This  p.iper  discusses  Intelligent  M.ileri.ils  frtmi  the  viewp«unt  t>f  an  indivitlual  whose  cxpeiierue  is  in  the  liJd 
of  electfi’itics 


1.  fNTRODK  TION 

f^escartes  rem. irked  that  man  was  a  maihinc--  but  one  s«'  precise  that  it  moved  aut-'rn.itic.iiiv  With  i'.. 
technological  developments  of  the  present  century,  wc  are  niovine  l’ey«»nil  the  lew)  of  jnedsion  iti.ii  IK  'i  w 
ti.id  in  mind  bul  wfien  we  spc.ik  of  the  advance  td  machinc-Ukc  precision,  wc  .nc  ■pcakmc  >■'  .m  ,i.'.  ;  ;  , 
ImiitCvl  to  a  lew  arc»is  ol  science.  .»nd  we  .ire  thinkinir  in  terms  of  ihe  mechanical  ide.is  ,ii  ptccoion.  sj  Cvd,  i  '  i 
c.ipacity. 

It  would  seem  in  this  very  area  ol  "precision"  that  man  and  machine  find  their  gre.itesi  ditferviKc.  Hunvoi 
thinking  and  behaviiu  are  characterized  bv  a  certain 

"ru7/v\ 


If  one  were  to  ask  where  this  fuzzy  originates,  the  answer  could  be  given  in  a  single  vs.>rd 

INTHLI  Kil-NCE". 

Intelligence,  and  not  precision,  separates  men  from  machines. 

Still,  this  distinction,  too,  is  becoming  emlangered  by  .scientiric  progress.  We  have  rccenlK  heard  talk  .1  .irlilKial 
inlclhgencc."  inlelligenl  sensors,"  'intelligent  offices,”  intelligent  factories."  and  ''intelligent  cities  Iniclligerue 
has  taken  on  a  technological  meaning  and  finds  its  way  into  an  ever-growing  number  of  technic  al  exprc' '^l•'^^ 
Below,  then,  wc  will  consider  the  concept  of  "intelligent  materials." 

I  I'K)'  )<>p  piibl  xhiMg  1  idi 
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Wh;il  is  an  inteiligcnt  material?  A  dennilive  answer  is  not  available.  Intelligent  materials  may  be  reasonably 
defined,  however,  .js 

N 1  .Mt  KIALS  WHICH  POSSESS  CHARACTERISTICS  CLOSli  TO  -  AND,  IT  POSSlHLr:. 
b \ t  I : [  n lN(i--TH()Si:  IOUND  in  FilO-MATliKIAUS. 

I  UK  TRKM)  IN  MA  I  KRIALS  IJKVKLOPMKNT 

M.iieii.tls  de\elopment  is  progressing,  and  has  pri'grcssed,  aK>ng  the  lines  suggested  as  follows: 

S  I  Rl'cn  i’RAL  MATERIALS 

Kl’NXTIONAL  MATKRIAUS 
INTKlKUit-NT  materials 


M1/.ZV  MAI  URIAUS. 

{  iitd  r;i.ently,  the  main  demand  on  materials  has  been  for  mechanieal  strength.  The  main  question  regarding 
l>uildine  materials,  are  example,  has  been  whether  or  not  they  were  strong;  similarly,  the  concern  about  n\lon 
was  whether  it  was  more  durable  than  silk.  Materials  developed  frt>m  this  perspective  may  be  referred  to  us 
structural  materials  " 

At  present,  however,  demand  on  niaterials  has  e<'mc  tt)  focus  more  on  their  functional  eharacterislics  than  on 
(heir  duf,fbili(\  /he  explosive  advancement  in  computer  tcchnoio^y,  for  r.xample,  has  been  supported  by 
inleer.jled  vireulls  made  of  silicon.  These  integrated  circulK  do  not  I'cncTit  from  silicon's  mechanical  strength, 
but  rallier  than  its  electrical  characteristics.  In  i>lhcr  wt>rds,  silicon  is  important  as  a  ‘funciional  m.iterial.' 

The  m^wemenl  Irom  strucluraT  to  "funclionaT  materials  will  be  extended  to  ■'inlclligent  materials’  as  vee  move 
in(v‘  the  2lst  century.  Intelligent  materials  will  support  the  technological  progress  of  the  coming  century. 

A  n  il  \T  ARK  IMKKKKitNT  MATKRIAl^S? 

Ini  ,  iiieent  malt  ri.li;^  expand  on  the  qualities  hitherto  tiffered  by  functional  materials,  incorporating  additional 
llllKlll'n^  .IS  l.dlows 

KN\  IR()NMi:NT-.ll  lXiH/AI)JUST  FUNCTIONS 
Si.I.K  KKSTORATIVK  K^NCTION 


SIT.I  DlA(iN(_)STR  TUNCTION 
TIMH  Or.PKNl)i:NT  Fl^NCTION 

T'‘r  example,  the  ability  to  judge  and  adjust  to  the  environment  is  not  absent  from  conventional  functional 
materials,  aru!  numv  device^  have  been  developed  based  i>n  this  funetutn.  The  temperature  sensors  referred  to 
as  thermistors  are  an  excellent  example.  These  arc  based  on  a  material  whose  resistance  increases  as  the 
lemper.iture  chanees  -in  other  words,  on  a  material  which  can  Inr  said  to  incorporate  the  ability  to  judge  and 
.nlriisf  i<i  the  rncironrncnt- 

I  he  pattern,  liuwever.  will  move  to  one  where  materials,  such  as  biological  materials,  will  jH>ssess  the  ability  not 
onK  fi'  rtve  (he  environftien(  <irKf  th.inge  in  rc.sponsc  to  a  change  in  the  cnviri>nmenl  but  also  to  resiorc 
ihcnuelves.  Such  m.iteriais  shrmld  be  able  to  repair  themselves  when  broken,  or  even  to  diagnose  potential 
pr>'l'lenis  and  generate  a  warning  before  difncully  occurs.  This  functUm  could  be  referred  to  as  "self-diagnostic". 


In  addition,  there  will  be  efforts  to  use  materials  whose  particular  characteristics  arc  programmed  to  change  over 
time  Such  materials  may  grow  or  even  multiply.  Wc  can  refer  here  lo  a  Time-axial  function."  analogoas  to  the 
"metabolic  lunclumine  of  f>ioIogical  materials. 
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Indeed,  the  organic  materials  which  constitute  living  organisms  (’bio-materials")  possess  the  full  range  of  these 
functions.  "IVio-niatcrials,  in  fact,  wcuild  seem  to  be  synonymous  with  what  we  think  of  an  intelligent  materials. 

Biological  materials  are  the  most  complex  I'f  all  materials.  It  is  out  of  such  complexity  that  intelligent  functions 
can  become  rcali/ed. 

Silicon,  the  material  supporting  so  mvich  of  today’s  modern  technology,  is  actually  one  of  the  simplest  materials. 
The  element  itself  is  not  complicated.  cr\slalll/es  almost  perfectly,  and  creates  a  produci  with  evlremelv  few 
impurities.  Slightly  more  complicated  is  (iaAs,  the  mi>sl  common  of  ihc  IIl-V  compounds  used  for 
semiconductors.  Semiconductors  based  on  compounds,  lu>wevcr.  cannot  vet  be  perfeetlv  ervstalii/ed.  W  ith 
the  consi^lerably  more  complicated  H-\  I  compountls,  p-n  junctions  cannot  even  be  lormeil  at  prc.sent. 

Keen  more  complicated  than  these  materials  arc  anii'rphous  materials  and  ceramic.'.  Although  ceramics  have 
recently  reccised  a  great  deal  of  attention,  application  still  remains 

MORH  ARTISTK'  THAN  TF  CHNOLCHiK  A  LI. 

In  (Uher  wi'rds.  the  malenals  that  we  are  presently  able  to  make  full  use  of  arc  only  of  the  simplest  tvpes. 

As  we  move  into  the  future,  however,  it  will  become  possible  to  plan  and  contr«>l  the  physical,  functional, 
ehecnical,  and  other  basic  values  of  the  materials  we  develc^p.  This  will  aihrw  us  to  create  inlelligcnl  materi.ils' 
far  surpassing  the  malerials  in  camventional  use  today. 

4.  DO  INTtUJOKNT  MATERIALS  RKAi.LY  KXIST* 

The  greate.sl  power  bio-materials  lies  in  their  limc-axial  functioning.  Indeed,  bio-materials  regenerate 
themselves.  This  is  (heir  most  important  capacity. 

Among  the  more  notable  (T  re  cent  materials  are  .shape  memory  alloys  which  have  the  capacity  to  remember 
•sh.ipe.  It  may  be  through  such  materials  that  wc  will  reach  inlelligcnl  materials  with  lime-a\i.d  functioning. 

The  rusting  of  metals  may  be  seen,  from  another  viewpoint,  as  a  self-diagnostic  function.  In  addition,  when 
common  semiconductors  arc  exposed  l<^  radiation,  their  qualities  diminish;  the  qualities  of  InP,  however,  return 
to  their  former  stale  following  such  exposure.  This  is  an  example  of  (he  "self  restorative ‘  function. 

Thus,  even  prcscnl-day  materials  give  us  an  indication  of  functioning  intelligently.  Intelligent  material.v  therefore, 
do  not  appear  to  be  an  unrealizable  dream. 

5.  KROM  NATl’RAL-RAW  MATERIAL  PROCESSING;  TO  MATERIAL  DESKiMNf; 

Despite  the  aforementioned  glimpse  of  intciiigcnl  materials,  it  remains  true  that  natural  materials  which  are  not 
of  a  biological  nature  do  not  offer  much  promise  in  themselves.  It  will  therefore  be  necessary  to  create  new- 
materials. 

Materials  that  have  been  used  up  to  now  have  been  processed  from  materials  f<uind  in  nature.  IC’s  and  optical 
fibers,  for  example,  arc  based  on  natural  silicon  or  on  derived  alloys. 

Pidymcrs,  however,  arc  artificially  created,  and  are  thus,  as  materials,  far  more  useful  than  the  silicon  used  in 
electronics.  Nylon,  for  example,  which  is  an  artificial  substitute  for  silk,  is  stronger  than  silk.  Polymers  such  as 
nyKin  may  be  seen  as  structural  materials  (or  molecules)  designed  to  meet  problems  iT  strength 

The  next  step  will  he  to  design  materials  which  arc  not  structural  but  rather  functional,  after  which  there  will 
he  a  further  move  forwa.d  to  the  design  of  truly  intelligent  materials.  This  will  require  the  biinging  together 
of  mutually  desirable  qualities  of  the  component  substances,  the  creation  of  compound  substances  out  ol  simple 
ones,  and  (he  performance  ol  material  design  at  the  mtdccular  or  even  atomic  level.  This  proec'*'  mav  be 
referred  to  as 

(iFNETK'  CONTROL  WITHIN  MATHRIAIA  St  IENCT  or  as 


2y.'  (ind  Sfrtic  lurcs 


(iENETIC  ENr.fNEERING", 

6,  (.KNKIK  ( ONTROL  WITHIN  MATERIALS  SCIENCE 

In  1>  wnuii  i! in^  v.i>inpiujnd  molecules,  one  melhod  available  is  through  molecular  designing.  Recently,  however, 
lu  w  inn!:,  rinls  are  being  created  based  on  atomic  designing.  This  type  of  designing  can  be  referred  to  as  "genetic 
c.'nlrol  within  materials  science." 

I  he  idea  behind  eenctic  control  of  solids,  and  in  particular  of  semiconductors,  may  be  divided  into  the  following 

two  icndencKw. 

I  I  .'.en  numbered  atoms  form  materials  which  arc  insulators,  while  odd-numbered  atoms  form  conductors, 

1  he  eiK  rg\  band  structure  within  a  solid  body  is  determined  by  the  electric  potential  cycle  structure. 

lU'th  ol  the'-e  iileas  arc  based  on  the  band  theory,  which  may  be  considered  this  century’s  most  important  theory 

in  solid  plnsKs, 

1  toin  the  iuea  ot  (!)  alcove  (and  as  slu'wn  with  (»;iA.s),  sub.slances  not  found  in  nature  arc  being  sviilhcsizcd, 
,111.1.  afliioiiijh  they  are  discontinuous.  i(  is  pos.siblc  to  control  the  forbidden  band  width.s,  which  are  extrcmclv 
Kii;  .n! ml  le.iliucs  of  serniiondustors.  With  ternary  alloys,  it  is  possible  to  control  forbidden  band  w'idths 
coiiiiiuiou'lv  With  vjUalcrnarv  alloys,  forbidden  bands  and  lattice  constants  can  be  controlled  independently. 

I  lie  llr^l  ol  trie  ideas  al'ove  ci'rresponds  to  the  macro.seopic  combination  of  host  and  guest  substances  in  the 
V.  I ,.  .tilin’,  of  compound  sul'slances. 

I  :a  -.n  ond  idea  Mig^^ests  tliat  it  is  possible  to  form  new  energy  (ordering  by  creating  "super-lattices."  or  artincial 
1, limes'  I  his  would  be  ba.scd  on  the  creation  of  new  materials  by  perfectly  controlling  both  host  and  guest  at 

llic  aii'inic  level. 

Ill  wh.it  i'  called  <(  super-lattice,  a  cyclical  piling  of  monatomic  layer  ordcring.s  is  used  to  create  a  multi-layered 
-tfiKiur':  formed  of  two  (or  more)  substances. 

Ii  iv  po>-ible  to  torm  new  '-lectn/.i  cycle  potentials  from  such  structures.  As  a  result,  quantum  effects,  such  as 
(he  I  (c.tiion  of  minibands'  for  energy  levcl.s,  arc  produced.  By  making  use  of  such  'minibands,'  the  forbidden 
f  ,uk!'.  wlm.h  are  so  lnipt>rtdnt  to  electronic  devices,  can  be  freely  controlled. 

I  ir-  new  electronic  potentials  achieved  through  super-lattices  show  Brillouin  zone  folding  effects.  As  a  result, 
ni.hicvl  tr.insiiinn  scmiccmductors  can  be  made  to  become  direct  transition  semiconductors;  optical  absorption 
-.ocIIkk  n(s  can  be  increased;  and  the  degree  of  freedom  in  designing  photiKlcctronic  materials  can  thereby  be 

C'p.uuled. 

I  U[{fii.r,  the  cneruv  band  structure,  which  is  based  on  the  momentum  space,  is  changed  as  a  result  of  the 
b’tjii.'mu  /unc  reducing  effect.  Electron  effective  mass,  and,  in  turn,  the  mobility,  become  controllable.  If  the 
I  of  moM-ment  can  be  increased,  the  response  time  of  semiconductor  devices  can  be  improved. 

<  )iu  ol  the  possibilities  brought  al'oul  bvsuch  super-lattices  would  seem  lobe  high-limpcraturc  superconductors. 

I  he  iiiC'.h.inl'-m  of  ccramic.s-ba.sed  superconductors,  which  have  received  so  much  attention,  is  not  yet  clear,  but 

iild  h.r-  e  somclhini:  In  common  with  high-temperature,  super-lattice  based  conductors.  That  is  to  sav,  the  two- 
dii’u  iiMon.il  conducllv’n  in  (he  super-lattice  based  inlcrfacc  may  also  occur  at  the  interface  of  ceramics  particles. 

II  inch  icmpcraiurc  superconductors  become  possible,  .SOUID-typc  devices  operating  at  roi>m  temperatures  may 
I’ce'ii  to  appear. 


Sukut  Mtilcriiih  Rfsciiii  li  ami  AppUcatinns  ill  Japan 


In  this  context,  one  might  consider  that  migratory  birds,  after  (lying  half-way  around  the  world,  faultlessly  niui 
their  way  back  to  where  they  slaricd.  This  ability  is  said  to  be  related  to  magnetic  pcrccpilon.  It  has  also  Iptcn 
said  that  such  birds  possess  SQUIO-typc  magnetic  sensors.  This  would  mean  that  these  birds  already  pus-  .s-, 
superconductors  which  function  at  normal  environmental  temperatures. 

With  super-lattices,  physical  constants  no  longer  need  to  be  inherent  to  particular  materials,  Init  could  be 
controlled  at  will.  Thus,  super-lattices  may  be  the  key  to  the  "genetic  control"  of  materials. 


7.  THE  FUTURE  OF  (iENETIC  CONTROL 

The  Ivpe  of  thinking  outlined  above  may  create  the  illusion  that,  with  supcr-latliccs,  virtually  anything  can  be 
created.  vSuch  an  idea  would  be  based  on  a  very  large  prcmise-  namcly,  that  electronic  pc>tcnti.sls  can,  in  lact, 
be  C('ntrolIed  at  will.  Only  if  such  control  can  be  rcali/ed,  would  (rce  creation  become  ptrssiblc. 

Todav.  it  is  only  possible  to  achieve  multi-layered  structures  Ix-'twecn  two  semictmduclors.  Full  ci'nirxl  nl 
electronic  potentials  will  be  possible  only  when  v.irious  multilayers  can  be  created  from  mom^alomic  l.iser 
ordering. 

There  are  actually  an  infinite  number  of  combinations.  Besides  semiconductors,  these  include  ctunbinalions  i  l 
conductors  and  insulators,  inorganic  materials  and  organic  materials,  crystalline  structures  .ind  non-cry.^t.llll!K 
structures,  as  well  as  three-kinds  combination,  bmr-kinds  combination,  etc. 

Furthermore,  while  today’s  super-lattices  arc  oriented  along  only  tme  dimension,  ultimately  it  will  bt  nccessarv 
to  create  three-dimensionaUy  oriented  structures.  At  the  present  stage,  efforts  arc  slowly  movnng  ahead  in  the 
formation  of  two-dimensional  types,  1‘hcrc  is  not  yet  a  clue,  however,  as  to  how  to  create  thrcc-dinicnsion.d 
super-lattices. 


9.  FRO.Nf  MAN-MADE  LATTICES  TO  MAN  MADE  ATOMS 

With  a  three-dimensional  .super-lattice,  the  onc-dimcnsional  square  well  potentials  would  be  formed  in  three 
dimensions,  so  that  the  sub-bands  would  also  be  formed  in  three  dimensions.  Such  a  three  dimensional  siib-l\»nd 
corresponds  precisely  with  the  orbital  energy^  for  hydrogen.  This  means  that  it  would  be  p\'^^iMe  to  vL  oen 
atomic  orbital  energies  at  will.  This  would  correspond  to  the  free  creation  ol  atoms. 

"ARTIFK  lAL  ATOMS. 


in  other  word.s,  could  be  created. 

From  a  different  perspective,  wc  might  categories  superfine  powders  as  "artincial  atoms."  In  this  regard  uc  ftM\ 
to  the  three  conventionally  accepted  stales  of  mailer --"solid,"  "liquid."  and  gas' -  add  a  fourth;  powd.r 
Ceramics,  which  at  present  arc  of  considerable  inlcrcsl,  arc  based  on  .sintered  powder.  At  the  m.uneiu. 
therefore,  ceramics  might  be  seen  as  a  natural  arrangement  of  artificial  atoms.  So  long  as  this  iirangemeni 
remains  "natural,"  ceramics  will  remain  in  the  realm  of  "art."  When  it  Ikcoiucs  possible  to  aeltieve  arMtieu:! 
arrangements,  ceramics  will  move  into  the  realm  of  science 

When  artificial  atoms  of  all  sorts  can  be  freely  arranged  in  three  dimensions,  the  creation  inlclligi.  nt  m.iien.iK 
will  become  a  true  possibility. 


10.  THE  MERGING  OF  MATERIALS,  DEVTCE.S.  AND  SYSTEMS 
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When  it  becomes  possible  to  freely  design  and  create  materials  at  the  atomic  level,  the  categorizing  of  materials 
into  various  groups--metals,  insulators,  organic  or  inorganic  mattei.  complex  atoms,  bio*matcrials,  etc. --will  lose 
Its  meaning. 

In  exactly  the  same  way,  when  it  becomes  possible  to  make  free  three-dimensional  atomic  arrangements,  it  will 
also  be  possible  to  fabricate  intelligent  materials.  It  will  then  no  longer  be  possible,  nor  desirable,  to  distinguish 
between  'materials"  and  "devices." 

( )ne  result  will  be  that  sxsterns  them.sclvcs  will  move  toward  true  integration.  At  present,  for  example,  integrated 
eiraiits  .ire  in  l.ict  only  a  wired  arrangement  of  discrete  devices.  Today’s  clcclronic  devices  are  discrete  and  arc 
eapal'ie  oi  i-rocessing  only  electronic  signals.  They  are.  in  other  word.s,  clcctric-ba.sed  systems. 

II  we  think  in  terms  ot  system.s.  we  may  think  of  the  following  division; 

1 )  Electric  systems 
J!)  Mechanical  systems 
.')  Hncrgy  sy.stems 

I’resent  day  devices  arc  all  loo  clearly  delineated  along  these  lines.  Integrated  circuits  are  electrical  sy.stems.  for 
example,  while  motors  arc  mechanical  .systems.  The  true  union  of  such  systems  is  something  to  be  hoped  for 
in  the  future. 

(  elU'  the  basic  units  of  life--seem  monolithically  to  unite  all  three  of  (he  above  systems.  In  (he  future,  wc  should 
move  lirs!  («>  cteate  integrated  systems  that  incorporate  mechanical  systems,  and  then  to  those  which  incorporate 
enerey  systems, 

.At  |'re>en(.  it  is  not  possible  to  incorporate  energy  itself  directly  into  sy.stems.  Batteries  I'r  iHhcr  electrical 
'-ouf>.es  must  be  attached.  The  light-induced  electric  power  effect  and  (he  Sccbcck  clfecl  are  being  considered 
as  possible  ways  of  introducing  energy  into  system.s.  Ultimately,  it  may  be  possible  to  fully  utilize  flic  principle 
>'1  relativity  thaf  "mass  is  energv.” 

( )ne  hopes  tlial.  with  the  appearance  of  intelligent  materials,  monolithic  integrated  systems  will  begin  to  become 
a  rc.ilily. 

U  ilh  the  appearance  of  intelligent  materials,  it  will  become  impossible  to  distinguish  among  materials,  devices, 
and  systems,  and  the  borders  separating  lhc.se  will  become  vague.  Wc  may  consider  this  as  a  move  away  from 
the  digital  (ii  the  analog.  Thi.s  "l-UZZY"  will  he  the  basks  for  ■intelligence." 


11.  CO.NC  LI  SION 

It  is  not  vet  possible  to  design  intelligent  materials.  Such  materials  arc,  therefore,  being  borrowed  direclK  from 
living  materials  and  arc  being  used  to  make  bio-sensors  and  in  cfhirts  to  make  bio-chips  that  can  serve  as 
computer  elements.  Because  it  is  neces.sary  to  keep  these  bio-materials  alive,  there  arc  considerable  limits  to 
thi.s  apf’roach  In  the  future,  it  may  he  po.ssibic  lo  create  devices  which  need  not  be  kept  alive  but  which  will 
mcci  or  surpass  lh(»se  found  in  life.  In  order  lo  achieve  this,  however,  it  will  be  necessary  lo  develop  intelligent 

m.itcrials 

Perhaps  we  need  not  slop  at  materials  which  incorporate  merely  "intelligence."  Perhaps  one  Jay  we  mav  develop 
materials  which  incorporate  true  "wisdom."  Or  perhaps,  again,  this  would  be  blasphemous. 
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In  these  sever, il  ye.irs  [)ie/(K4e('irU'  and  el(‘cti ;»striclive  actnalurs  have  become  very 
popnlar  lur  mieio  posilioninii  in  optical  and  i)recision  machinery  fields.^  Aimin^J  at  wide 
<()!iMiie!  laali/ai  ion  ol  these  a(inatois.  many  invest  i^at  ions  liave  b“eu  made  in  the 
imfj{ovem<‘ni  ol  cr;jm*c  nj.iienals  ten  ail.iaiors.  designs  of  the  de  ices  and  control  and 
‘^yst  i-ma  t  t/<tt  t*.m  o!  tin-  .ntua(«>’s.  'This  paper  reviews  recent  applications  of 
pie/oeliM  irir/elcc  ti'osii  >  live  » t  ramics  lioni  a  viewpoint  of  "smaif  a<*tualors  and  systems. 

A  t)as^ivclv  ’-^mai  t  material  is  exemi)lified  by  tlu*  lead  ma^inesinm  niobale  (I’MN)  bas,  'l 
leiamic.  winch  can  exhibit  a  elect  lost  licOon  (.M/1- 10  witlioul  any  hysteresis  and 

ai:!n>;  clli  (  (  dih  itiLi  an  c  li  (  ii  ir  held  <  \cle.‘-  A  composite  actuator  strm'ture  called  "moouie''  has 
been  developed  to  amphfv  the  small  displacement  induced  in  a  mshtpijyd-  [nezoelcet ric  device. 
I'assnr  dam|)ei  appli<  atinii  is  another  smart  usaue  of  t)ie/.oelcclrics.  uhcre  mechanical  noise 
vibration  is  radicallv  suppressed  by  the  c«invert<*d  electric  enc'i’y  di^'  .ipaliun  thronjili  Joule 
heal  v^lien  a  suilal.de  lesistaiui-  is  lonnected  to  the  piezoelectric  plate. I’iezocei amic:  carbon 
t)lack  polymer  (  omposites  an*  promising  uselnl  rlesluns  for  praclual  use. 

An  a*,  lively  siiiat  t  mat  st  ><d_is  (*xemp!ified  by  the  video  tape  head  posUiuoer  m.ide  from 
.1  I'  Mii  /ircomite  tilanate  (I’/'t  )  Inmniph  willi  si-nsor  aial  ai  tnatoi -divided  electrodes. 

Monoinoi|ihs  and  shape  memory  ceraniirs  Ix'lon^  to  very  sm.ut  materials.  A 
inoiioiuoi  [ill  dcx  iie  maiic  ol  a  •.■niicondiict ‘ve  pi<*/oelectric  plate  lieneiates  llie  Schotlky 
feiriict  when  metal  cicciiodes  are  coated  on  the  I.hos.  providing*  non-unifomi  distribution  ol 
(he  electric  held  c\cn  m  a  compositionally  uniform  ceramic.  A  superimposed  elh  t  ol 
pic/och’clrii  iiv  and  scmiconductivitv  le.ids  to  a  hendinn  defontialloii  iii  a  total  ceramic  plated^ 
riic  siiains  associated  with  [ihasc  transitions  siu'h  as  an  aiUilcrroele'  .  ie -lo-ferrur'lecti  ic 
liaiisiiioii  in  lead  /irrooatr  sianate-based  ceramics  reach  np  lo  0.4''(>,  which  is  much  lai>>er 
th.ni  that  exjicclen  in  clcctrosii  u  tors,  .Moreover,  tilts  field-induced  transition  exhibits  a  shape 
mcinoi  v  cller  l  in  ajipiopt  iatc  t  omposo ions,  and  sucli  ceramics  are  useful  for  llie  applications 
lo  lati  hirm  relay  aik!  a  iiiecliani<  ai  c’  mper.^’ 

A  plioto''l ( i'  1 1\  (  a!  i  naioi  i>  Itu*  liest  example  of  inlcllitfenl  malciials  inc  Indinti  sensini’, 
.1(1 1  i,il  I  [  l^  .iiid  (1  r  r.  e '<  on!  r  ol  Inintions  in  a  niihpie  material.^  In  r^'ilain  lerroelect  lies  ,i 
piu-iioni!*!  in  I'v  \vlii<  Il  a  (onsuitil  electromotive  force  is  ^eiieriited  willi  exposure  of  liiilit  has 
bc'cn  obM-iA  cd  A  |ihi  'lost  ri*  I  i\  t-  clfcc't  is  expected  as  a  result  of  the  c'onplin*’  of  I  lu*  photovoltaic 
.md  i. iV('r sc  pic/oclia  1 1  i<  cl lc(  i s  A  remote  control  miniature  walking  robot .  which  Is  act Ic  ated 
uilli  illii.f!  laiion,  is  (in  ojjilv  )>fini»  fabricated.  Two  pholostrirt ive  I’b/'I'  bimoi[)hs  were* 
(  Minbaied  lou,ethci  and  ca«  li  j'late  exhibits  a  iiilnule  photo-induced  displacemeiil  on  the  order 
of  l.bO  iirn  Alt'Tn.Ki'.e  illnminafinn  causes  a  slow  moving  of  the  ceramic  device. 
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A  iu  inalo’'  ruiisislin^  of  a  pulsc-drivcii  piczuflccli Ic  elfUKMil  and  a  sled  b^ill  Is  a 

vriv  sii^at^slKT  incciianism.  evm  if  il  wonlil  not  Ijc  dcaiotecl  as  a  sin  i1  system.  A  2inin  steel  ball 
can  be  lilt  uj)  lo  2(i  iniii  by  a  5  pm  dlsplaceiiienl  induced  in  a  inultilayer  actuator  willi  (inick 
response. 

A  siiiai  I  syr-i  em  is  typically  exeinjilified  by  a  precision  lathe  machine.  A  muTo 
(lisplaeement  aelualot  lias  been  mannfaelured  iisin^  an  dcclrostriclivc  iimltilaycr  actuator,  a 
nia^Mi  tn-iesislive  siiatn  siaisor  and  an  ailaplive  control  (dronitiy.  The  feedback  control  has 
suppressed  llie  [position  deviation  of  llie  cutting  cd^e  when  pushlnj^  stress  is  produced  durinii 
eiitlimi  puK  Css.  'I'he  (  nllinii  aet  uiaey  in  less  than  iO.OI  pm  is  now  available. 

A  \'erv  smai'i  svsttan  et>nl<nns  a  reliability  lest  sysl<‘in.  which  can  slo})  an  actuator 
sysieiu  salely  wUhonl  cau'^ino  atty  s«*iions  damaLtes  on  to  llie  work,  e.jt  In  a  lallier  machine 
Aeoiisiie  emission  nieasniemenl  of  a  pie/.o-aet ualor  under  a  cyellc  eUndrlc  lu'ld  is  a  uuod 
candidate  lor  estimating  tiie  liU*  time  of  (lie  aelnalors.'^ 

The  liriulil  Inlnie  ol  |)ie/o(‘i(‘elri(VeUM  lr()Stri('tive  actuators  has  been  initialed  and  e\t‘n 
i^ieaier  eominereiat  p.iriieipaiion  in  their  eonliiuied  and  ap{)lU'alion  is  .mlicipaleil 
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The  mace  active  member 


Wiirren  Hoskins  and  Lee  Klynn,  LMSC,  Inc 
David  Miller,  Space  Engineering  Research  Center,  MIT 
Javier  de  Luis,  Payload  Systems,  Inc 

ABSTRACT 

This  paper  covers  the  derivation  of  requirements,  characterization  of  the  active 
member  as  a  component  and  its  effect  on  the  system  level  performance.  The 
disturbance  levels  are  established  by  the  top  level  requirement  to  attenuate  the 
vibration  by  40  db  while  being  20  db  above  the  sensor  noise  floor  level.  By 
integrating  the  active  member  into  the  broad  band  pointing  test  simulation  the 
moment  requirement  is  established.  The  active  member  provides  a  small  amount  of 
pointing  error  attenuation  and  introduces  about  2%  modal  damping.  The  actuator 
sizing  equations  and  trade  study  is  presented. 

1.0  INTRODUCTION 

The  MACE  program  (Mid-deck  Active  Control  Experiment)  is  a  flight  experiment  conducted 
in  the  shirt  sleeve  environment  of  the  mid-deck  of  the  Shuttle  sponsored  by  NASA  LaRC  and 
designed  by  the  Space  Engineering  Research  Center  at  MIT  with  PSI  as  subcontractor  and 
LMSC  as  a  corporate  sponsor.  MACE  is  scheduled  to  fly  in  1994.  The  objectives  of  MACE 
are  to  validtiie  the  modeling  tools  associated  with  flexible  body  dynamics  and  active  structural 
control  and  to  examine  issues  associated  with  non-zero  gravity  ground  testing.  The  approach 
is  to  design  a  small  flexible  testbed  (2  Hz)  and  perform  a  set  of  experiments  which  captures 
the  essential  physics  of  large  precision  spacecraft  structures.  The  testbed  consists  of  a  multi- 
segmented  beam,  a  torque  wheel  for  attitude  control,  and  an  active  member  for  vibration 
suppression/damping.  Attached  to  both  ends  are  two  axes  gimbals  which  point  rigid  payloads 
(see  Figure  1 ).  A  series  of  experiments  are  planned:  the  first  experiment  is  an  on-orbit  system 
identification  test.  Space  and  ground  test  results  will  be  compared  and  system  gains  will  be 
updated.  The  second  experiment  is  a  pointing  test  using  the  torque  wheels  for  broad  band 
disturbance.  The  active  member  inconjunction  with  the  gimbal  maintains  payload  pointing. 
The  third  experiment  is  a  pointing  test  of  one  payload  while  slewing  the  other  payload. 

2.0  DESKIN  REQUIREMENTS 

The  top  level  requirement  is  to  attenuate  the  vibrations  by  two  orders  of  magnitude  (40  db)  as 
measured  by  the  pointing  error  of  Payload  2  (PL2).  The  performance  threshold  has  not  been 
established  but  will  be  set  at  the  resolution  capability  of  the  sensor.  For  the  purposes  of  this 
study  the  performance  level  was  determined  from  the  Sample  Problem  as  described  in 
Reference  1 .  With  both  payloads  locked  in  place  and  a  white  random  moment  disturbance  of 
0  (KlL'i  newton-meters  squared  per  Hertz  intensity  applied  at  Payload  1  (PLl),  the  pointing 
error  of  PL2  was  computed.  The  finite  element  model  with  its  dynamical  characteristics  is 
I'I'l'  K  )(>  I’.;--  '.h'llg  I  ui 
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shown  in  Figure  1  .  The  pointing  error  response  of  PL2  is  shown  in  Figure  2.  As  can  be  seen 
from  the  running  RMS  error  (24  milli-rad),  nearly  all  the  error  is  attributable  to  the  first  three 
modes.  This  establishes  the  top  level  error  which  is  to  be  attenuated  by  a  factor  of  HX).  For 
this  experiment  the  active  member  is  responsible  for  attenuating  only  a  small  portion  of  the 
error  and  the  remaining  error  is  divided  between  the  torque  wheel  assembly  and  PL2  gimbal  as 
shown  in  Figure  3.  Normally  an  error  tree  shows  the  flow  down  of  residual  error  of  all  the 
elements  that  contribute  to  the  performance;  however,  this  figure  shows  which  actuators  are 
responsible  for  pointing  error  cancellation  and  the  amount  of  error  cancellation. 


(a)  MACE  Testbed 


Figure  1  MACE  Testbed  and  FEM  Model 


Figure  2  PL2  Random  Re.spon.se  Due  To  PLl  Disturbance 


f^u  zdceraniii  Damping  Techniques  / 


Figure  3  Pointing  Error  Row  Down 


To  determine  the  effectiveness  of  the  active  member  on  the  pointing  error,  an  uniform  random 
couple  of  intensity  10x10'^  NM''2/rad  per  sec  was  applied  to  two  nodes;  to  the  center  node 
and  in  the  opposite  direction  to  the  node  toward  PLl.  The  resulting  pointing  error  of  PL2  is 
shown  in  Figure  4  ( 1.5  milli  rad)  where  the  active  member  has  only  a  small  influence  on  the 
pointing  error.  Thus  the  active  member  should  be  able  to  handle  its  allocated  error  if  an 
actuator  can  be  built  that  produces  the  required  moment.  Using  a  three  sigma  estimate  for  the 
peak  moment,  the  PZT  (lead  r.irconate  titanate)  actuator  is  required  to  produce  a  moment  of 
0.240  newton-meters. 
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Figure  4  PL2  Random  Response  Due  To  Active  Strut 

3.0  ACTIVE  MEMBER  DESIGN 

In  recent  years  the  piezoelectric  actuator  technology  (Ref  2-8)  has  evolved  to  a  maturity 
capable  of  supporting  a  design  activity.  Several  research  efforts  have  validated  that  using 
simple  strength  of  materials  approach  provide  reasonable  estimates  of  the  actuator 
perfonnance.  By  applying  stand.ird  design  factors  to  the  equations  adequate  margins  can  be 
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guaranteed.  Review  of  this  database  indicates  that  the  actuator  can  be  designed  to  meet  the 
requirements. 

Tile  active  member  consists  of  a  lexan  tube  which  is  one  inch  in  diameter  and  about  one  foot  in 
length  and  represents  one  of  the  four  segments.  This  tube  is  thicker  than  the  other  tubes  and  is 
machined  flat  on  all  four  sides  producing  an  equivalent  stiffness  to  the  other  four  members 
(see  Fig.  5).  A  piezo  ceramic  (PZT-G-1 195)  thin  sheet  is  epoxied  to  all  four  machined  sides 
along  the  full  length.  On  one  side  the  PZT  is  energized  positively  causing  a  tensile  strain  while 
on  the  opposite  side  the  PZT  is  energized  negatively  causing  a  compressive  strain.  In  this  way 
a  pure  moment  is  induced  along  its  length  which  can  be  represented  with  two  end  moments  in 
opfKisite  directions.  With  the  PZT  actuator  attached  to  all  four  sides  control  is  provided  in  both 
axes.  This  active  member  is  used  to  provide  modal  control  and  active  damping  over  the 
bandwidth  of  the  disturbance. 


Figure  5  MACE  Active  Member 


The  design  equation  is: 


Ma  = 


(EA)a  bs  dti  V31 
1  +  Yb 


where:  Yb  • 


bs2  (EA)a 
2(EI)s 


The  geometry  associated  with  the  actuator  segment  only  is  depicted  in  Figure  6.  The  "s" 
subscript  refers  to  the  lexan  strut  and  the  "a"  subscript  refers  to  the  piezo  actuator.  The 
piezoelectric  constant  dti  relates  the  strain  to  applied  field  and  V};  is  the  applied  field.  The 
outer  fiber  distance  for  the  lexan  strut  is  b^.  The  (EAlg  and  (EI)s  are  the  .stiffness  associated 
w  ith  the  actuator  and  strut.  The  denvation  of  this  equation  is  obtained  by  allowing  the  actuator 
strips  and  lexan  tube  expand/contract  freely  and  then  apply  the  plane  sections  remain  plane 
constraint.  A  sensitivity  study  was  performed  to  determine  an  optimum  choice  of  parameters. 
The  principle  quantity  is  the  moment  (Ma)that  the  actuator  can  generate  and  the  principle 
parameter  is  the  thickness  of  the  actuator  coupled  with  the  applied  voltage.  The  moment  is 
maximum  by  having  a  very  stiff  strut  so  that  the  stiffness  ratio,  Yb,  goes  to  zero.  The  (EI)^  is 
of  the  same  order  of  magnitude  as  b^‘  (EA)^  and  limits  the  induced  moment  the  actuator  can 


generate. 
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*  See  Reference  9 


Figure  6  Actuator  Geometry  and  Ptirameters 


Figure  7  demonstrates  how  the  actuator  moment  is  affected  by  the  actuator  thickness  while 
using  the  values  for  the  other  parameters  as  shown  in  Figure  6.  A  conservative  moment  is 
achieved  using  an  upper  voltage  value  of  4(K)  volts  to  insure  that  the  actuator  is  not  saturated 
or  depoled.  In  addition,  the  design  equation  assumes  a  l(K)5f  moment  transfer  while  there  are 
some  losses  due  to  the  epoxy  adhesive.  By  selecting  an  actuator  thickness  of  0.254  mm  an 
induced  moment  of  0.5  newton-meter  can  be  achieved  while  allowing  for  transfer  loss  and 
possible  4  sigma  peaks.  Thus  this  design  meets  the  requirement  of  0.24  newton-meter  peak 
induced  moment. 
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Figure  7  Actuator  Induced  Moment 
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The  next  step  is  to  fabricate  the  active  member  and  then  to  characterize  its  performance.  Four 
tests  are  contemplated;  (1)  energize  cantilever  strut  and  measure  the  tip  displacements  and 
rotations  over  the  spectrum  of  interest:  (2)  constrain  both  strut  ends  and  measure  the  loads 
generated;  (3)  place  the  active  strut  in  the  MACE  testbed,  apply  an  unifomi  random  signal  to 
the  actuator  and  then  measure  the  PL2  pointing  error;  and  (4)  excite  PLl  gimbal,  close  an 
active  damping  loop  and  measure  the  effective  damping. 

4.0  CONCLUSIONS 

The  active  member  for  the  .MACE  testbed  is  designed  to  provide  the  high  precision  control 
while  introducing  active  damping.  The  next  step  is  to  a.ssemble  and  characterize  the  active  strut 
over  the  frequency  spectrum. 
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Abstract 

We  are  studying  a  new  class  of  smart  structures-smart  electromagnetic  structures'SEMS,. 
These  structures  are  “smart"  in  that  they  integrate  sensing  elements  (e  g. .antennas),  processing 
elements  (neural  networks)  and  control  elements(diodes)  in  a  manner  not  previously  considered 
Smart  Electromagnetic  Struc(ures(SEMS)  have  the  potential  to  provide  an  adaptive  electromag- 
netictEM)  environment  to  the  structure  on  which  they  can  be  mounted.  Based  on  their  sensing 
capabilities  they  may  be  able  to  detect  and  modify  the  EM  fields  around  them  as  well  as  their  far 
field  image  The  ability  to  adapt  derives  from  the  closed  loop  nature  of  the  SEMS,  hence  the 
speed  of  adaptation  is  determined  by  the  speed  of  the  loop.  Factors  including  bandwidth  of  the 
control  structure  do  influence  the  speed  of  the  system.  The  speed  of  the  response  is  primary 
determined  by  the  technology  of  the  computational  elements  The  implementation  we  are 
studying  includes  an  Artificial  Neural  Network(ANN)  as  the  processor  The  neural  net  can  respond 
:n  no  more  than  three  gate  delays  for  each  iteration  of  the  loop.  We  have  found  that  the  neiwcrk 
takes  trom  throe  to  live  iterations  of  the  'oop  to  complete  its  control  task  This  results  in  a  total  time 
for  system  response  of  less  than  fifteen  gate  delays. 

Artificial  neural  networks(ANNs)  and  their  ability  to  model  and  control  dynamical  systems 
lor  smart  structures,  including  sensors,  actuators,  and  plants,  are  directly  applicable  to  tfie  SEMS 
concept.  By  incorporating  a  neural  network  into  the  control  structure  of  a  single  microstnp  patch 
element  its  electrical  characteristics  can  be  changed  in  response  to  a  received  signal  Tf.is 
ch.ioge  can  be  used  to  alter  the  antenna's  performance  in  real  lime. 

The  Neural  Net  Antenna 

The  micropatch  antenna  has  many  advantages  including  simplicity  and  size,  and  a  luw  draw 
bacKS,  e  g  ,  narrow  bandwidth  The  electrical  characteristics  of  the  antenna  can  be  ad|usted  usirc 
ccntrol  elements  embedded  m  the  patch  itself.  We  will  describe  research  being  earned  out  m  the 
Au’anomous  Systems  LaboratoryfASL)  of  Florida  Institute  of  TechnologyiFlF)  into  the  control  c 
vucM  patch  antenna  elements  using  a  neural  network  (NN)  m  the  feed  back  loop  'o  enhance  the 
cceraiing  characteristics  of  the  The  neural  net  can  make  the  required  determinations  in  near  real 
l;mo  The  ability  ot  the  net  to  adapt  to  unknown  Inputs  (generalization)  and  its  fault  loiuran:--- 
makes  the  neural  antenna  an  ideal  candidate  for  flexible  tactical  antennas  for  the  future  The 
combination  of  a  simple  neural  network  with  a  microstnp  patch  antenna  is  shown  in  Figure  1 


F'gwe  1  The  microwave  patch  antenna  with  tuning  points  and  a  neural  network  to  drive  the 
points  can  be  considered  a  smart  antenna  structure. 

The  patch  neural  network  antenna  system  has  been  developed  and  this  analytical  model 
as  well  as  experimental  models  of  the  antenna  are  being  tested  and  compared.  The  model  and 
prototypes  are  being  taught  to  adapt  to  the  magnitude  and  phase  response  of  incoming  signals 
In  order  to  test  the  ability  of  such  a  system  to  tune  to  the  frequency  of  incoming  signals  a 
senes  of  experiments  were  conducted  on  the  trained  simulation  ot  the  neural  antenna  system 
"he  ability  of  the  neural  antenna  to  follow  the  center  frequency  of  incoming  signa's  with  time 
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varying  frequency  characteristics  will  be  presented.  Experiments  requiring  the  network  to  tun 
the  antenna  in  a  stepped  frequency  environment.  The  ability  of  the  antenna  to  follow 
continuously  varying  frequency  signal  will  also  be  presented.  We  demonstrate  that  the  patch  ca 
be  given  autonomous  adaptive  capabilities  using  neural  networks. 

Several  applications  for  such  an  antenna  can  be  postulated.  First  such  an  device  wcui 
imprcvc  receiver  characteristics  in  a  frequency  agile  environment.  The  adaptability  of  the  neun 
antenna  would  reduce  the  manulactunng  and  siting  tolerance  requirements  normally  placed  c 
such  conformal  anfennas.  An  array  of  such  smart  patches  couid  be  assembled  to  create  an  e.e 
more  adaptable  antenna  system. 
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AIJS  I  l<  \(  I :  I  Ins  paper  discusses  the  use  of  inultiia'mputcis  lu  meet  the  high  rlata 
througlipul  and  teal  tune  compuialional  rei|uirements  o(  smart  structures.  Ihe  map¬ 
ping  III  neural  neiuank  computalmnal  mudels  imlo  multicomputer  networks  is  presented 
as  an  esample. 

I  IM  KODI  (  I  ION 

Smart  structures  reipiire  the  integialion  ol  a  niimher  t'l  lethiiologies  including  sirui  lutes, 
materials,  sensors,  conliad,  and  acliialois,  (iisen  the  adcaines  in  ter  hnohagies  Ibr  ctmi- 
posile  materials  .md  hher  oi'iic  sensing,  theie  is  ttou  mciuation  to  belter  unrierst.ant) 
ssstem-lesel  issues  lor  smaii  structures.  I  his  papei  examines  the  processing  capabilities 
itiat  must  be  a  kev  component  ol  sniiul  sirucliiics  and.  specilicailly,  Ihe  use  ol' multicom¬ 
puter  netuotks  Ihe  papei  lirst  rlesciibes  muliicmnpiilers  aiir!  rliscusses  |aroccssing  re- 
i)Uirements  lot  sm.irt  structures.  I  he  paper  then  explains  how  miilticompulcrs  can  be  iiserl 
to  lullill  those  needs.  \s  an  application  example,  the  iinpleinenlalion  ol  neural  network 
coniputalioiis  using  a  muliicompuler  is  rlisctissed  I  he  paper  concludes  uilh  a  rliscussion 
ol  a  three  iiorle  test  neluork  ilc'signcal  ainl  implemented  at  Viiginia  lech  to  examine  emn- 
piiting  and  vommuitii  ation  issues  (or  smart  sinnlnies. 

2.  Mi  l  I  U  <niri  I  I  K  \l  I  WOKKS 

Multic ompulei s.  or  rlisiribuied  memoiv  i  oinpiiiers.  are  a  tvpe  ol  parallel  piarcessing  system 
consisting  ol  multiple  piocessing  nodes  inteicoiiitected  In  a  communications  nctrtoik. 
l  ach  processing  lunle  in  a  multicomputer  has  memoix.  computing  resources,  ami  inter- 
processor  commumcation  lacilities  Ihe  computing  lesources  arc  ttsed  in  perlorm  the 
processing  assigned  to  the  node  Ihe  memoix  stores  both  program  and  data.  Ihe  enm- 
miimcations  racilitics  access  ilie  mleiconneclion  netxxork  and  support  other  input  and 
output  operations  \  multicomputer  (onlams  no  shared  memorx. 

D.ita  and  other  inlorm ation  is  shared  between  tasks  executing  on  diU'erenl  processing  nodes 
xia  the  interconnection  netxxork  (  dmmnnicalion  is  particularly  important  to  the  oxcrall 
peilorm.ince  of  a  multicomputer  (dmmunication  pcrhorniance  in  a  mullicompiitcr  de- 
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pciuls  oil  (lUM  general  laelors:  (I)  link  aiul  prolntnl  specO.  (2)  iukIc  spccil,  (2)  traOie 
eharaeteri'itic'i,  and  (4)  inlercnnneeOon  netuork  tO(i(i|()gy. 

In  general,  tnpologie'-  nia\  lonvi'-l  ol  cillier  pnint-tn-pnini  links  or  sliarcrl  busses  anil  may 
he  cither  generah|inrpose  or  applieation-speeilie.  ( ieneral-piirpose  topologies  provide 
small  aierace  and  worst-ease  distances  between  lunles,  and  thus  minimi/e  the  niitiiber  of 
links  that  must  be  tratersed  lor  a  variete  ol  dillereni  traflic  patterns.  .Application-  specinc 
topologies  match  the  r  ommnnication  patterns  ol  a  particular  application. 

V  l'R()(  rssixd  RIC.)!  I  RIM  I  \1S  lOR  S\I.\RI  SIRI  <  II  Rl  S 

I’rocessing  and  slala  coinnuinication  are  rei|uired  in  a  smart  siiuclure  to  acr|uire  and  con¬ 
dition  signals  lioin  one  or  more  sensors,  piotess  sensor  rlata.  atul.  based  on  scstem  state, 
control  actuators  and  or  indirale  hiiltires.  I  hesc  tasks  can  be  partitioned  (iinclionalK  and 
plusicallv.  \\'ith  riinctional  partitioning,  dill'ereni  types  oh  tasks  are  computed  separately. 
I’lusical  parlilioning  uses  separate  tasks  lor  dillerenr  regions  oh  ihe  siiuctiire.  Data  com¬ 
munication  IS  needed  lo  aca|Uirc  sensor  data,  iransrer  the  ilata  lo  one  or  more  processing 
elements,  and  send  onipiils  to  actuators  or  indie. ilors.  In  addition,  il  tasks  arc  parlilioneil. 
Intel  processor  i  onininnu  .iiion  is  needcal  to  coordinate  and  share  inrormaiion  among  tasks 
cvecuting  on  dillerent  processors.  I  he  '.  onipiitation  and  coinnuinication  must  be  per- 
I'ormed  in  leal  time.  Real-time  peirormani.e  is  more  than  just  hast  cinnputing,  rather  it 
implies  ihat  oper.itions  are  correci  onlv  il  ihe  results  are  \alid  and  the  time  at  which  the 
results  are  produced  meets  all  timing  consirainis  t.Slankovic  I'lSX). 

I  he  phvsical  char.icteristics  of  sm.'irl  striiclures  place  unique  consirainis  on  the  design  of 
the  processing  scsteni.  Ihe  shape  ol  the  stnuliire  inllnences  physical  partitioning  and 
limits  the  topohigs  ol  the  conimtinicaliotis  nelwi'rk.  Additional  physic. il  design  issues  in¬ 
clude  the  need  to  embed  components  in  niaierials,  si/e  and  ueiglif  limits,  ;md  pouer  dis¬ 
tribution  and  consumption. 

1  or  some  smait  structures,  it  is  essential  that  the  piocessing  sssiem  be  modular  and 
scalable.  .A  modni.n  and  sc  .il.ible  processing  sssteni  allows  the  siructtire  to  be  constructed 
incrementalh .  espanded  .liter  initial  deplovmeni.  and  easiK  lepaired  In  addition,  pieces 
o(  tfie  sccicm  c.iii  be  tested  indepeiidenlh  beloie  and  during  opeiiition. 

J  MM  I  l(  <)\in  II  R  Ml  WORKS  I  OR  SM  \  R  I  S  I  Rl  (  Il  RI  S 

\1  ultlcnmpiiters  base  a  number  ol  attractive  leatures  lor  smart  structures.  Multicompnters 
allow  concurrent  processing  and  high-speed  data  transl'er  needed  lor  real-time  operation. 
Ihe  network  topologs  can  be  adapted  to  the  phssical  topologc  ol  the  striictnre  and  to  the 
trallic  p.ittertis  ol  speciHc  .ilgoiithms  I  inalh.  mullicompiiters  arc  modular  atul  scalable; 
the  nodes  proside  modiil.irilv  and  ,a  sc  stem  c.an  be  grocc  n  bv  adiiing  nodes  and  links. 
Iloweser,  il  a  multicomputer  is  to  meet  the  leqiiirements  ol'smart  structures,  it  is  necess.ir' 
to  address  the  design  ol  processing  nodes  and  the  interconnection  network  within  an 
applic.ition-spccifK  contest  including  the  cdiitribiilions  the  sensors,  actuators,  and  control 
algorithms. 
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111  a  smart  structure,  sensor  ilata  acquisition  ami  signal  processing,  local  control  Itiiictions. 
and  actuator  control  operations  m.ip  miturallv  otito  individual  imilticomputer  nodes,  as 
shown  in  I  igure  (.  (lie  integration  of  sensor  and  actiiafoi  interfaces  uitli  singic-citip 
pioccssing  mules  must  he  adrlresseil  for  smart  structure  applications.  It  is  also  concenahle 
that  processing  nodes  c;m  be  embedded  in  the  mateiial  of  a  snitirt  structure,  and  thus  be 
located  near  sensors  and  actuators.  AlternatiseK .  nodes  tan  he  interlaceil  to  sensors  and 
actu.itors  along  structure  bouiularies. 

1  he  tiesign  ol  an  inierconnection  network  (or  a  smart  structure  involves  three  prim.iiy  is¬ 
sues:  (1)  the  netudi'k  topology  should  support  the  applitatimi  s  communication  pattern. 
(2)  links  must  be  last,  reliable,  aiul  tcst.ible.  aiul  (1)  protocols  must  provitle  prctlictable 
tlelavs  aiul  high  throughput. 

t'tptual  ( (immunication  links  oiler  a  numbei  ol  benelits  |oi  small  structures.  intUuling  high 
batulwitlih.  nnmunilv  to  elecironiagnetic  inlei lerence.  and  the  potential  lor  hvbrul  sensing 
aiul  iiotnmunicalion  In  adtlilion,  'I'lual  links  provide  the  opporlunilv  to  exploit  hvbiid 
sensing  <aiHl  coinmunicaiion.  i  e.  peilormin;'  i'  eh  sensing  and  commiinitaiion  on  single  11- 
bers,  as  ilestribed  b\  Mt  llenrv  el  al  i  l'tu|  i 

An  applit  ition-spet  lilt  topoiogv  m.iv  exploit  i.isk  pai in ioning.  l  or  example,  a  hieran  liv 
o!  inlorconn''ctetl  mules  tan  be  envisioned  \i  the  lowest  level,  hual  tonirol  te  health 
moniinnm;  lunctions  aie  pciiormetl  al  each  node,  while  al  llu'  highest  level,  global  func¬ 
tions  provide  control  ol  fnlme  deietlion  lot  the  entire  siiuctnre 
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file  neural  netvvoik  or  connet tionist  paiadigm  is  a  i.iiulidaie  motlel  Itii  compulations  in 
smart  stiuctnres.  tlrossinan  ef  al,  I  Id'.’iil  propose  .i  neural  nelwtnk  that  receives  sensor 
tiala  as  input  and  shiv  es  at  tnatoi  s  with  outputs  <  diosh  aiul  I  Iw  ang  (  I  'IS. Si  show  that  the 
inherent  p.irallelisin  ami  tlisiribuietl  stoic  in  a  neinal  lutwoik  allow  n  li'  be  eHettiveb  re- 
ali/et!  bv  a  miiltit  oni|iuter  network.  I  he  use  ol  ,i  multicomputer  for  neural  netw  iak 


rig  I  Multicomputer  network 


I  ie  2.  Nciital  network  example 
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pariulij'in'^  is  p:u  ly  anraclivc  lor  appllcalloiis  where  ilillereiU  lc\  els  ol' pi  oecssiiig  are 

neeiieil  in  .'ulilition  to  neural  network  operations  anil  timing  eonstraints  ilo  not  dictate  the 
use  o(  dedicated  neural  network  hardware.  I  or  example,  signal  processing  (unctions  t'.tt 
condition  sensor  onipnts.  neural  network  operations  to  determine  local  actuator  outputs, 
attd  svstem-w  ide  cooi  dintition  tasks  can  all  he  implemented  hv  a  nuillicompnter. 

(o  illustrtite  a  multicomputer  ini|rlementatioi  o(  a  tictira!  network  comptil.ilion,  consider 
the  simple  neuitil  ttetwork  ol  I  igiire  2  with  loin  input  Itiser  cells  (dettoted  bv  S)  receisittg 
sensor  ittpitts,  two  output  iaver  cells  (.A)  driciug  actuators,  imd  (ice  hidden  laser  cells  (II). 

I  igure  2  indicates  a  mapping  o(  the  elesen  neuial  netssoik  cells  onto  the  lour  multicom¬ 
puter  tunics  of  I  igure  I  I  or  this  mapping,  multicomputer  tiode  n  computes  SO.  110,  III, 
and  ,'\0;  tiodc  I  compittes  SI  and  112;  node  2  emuputes  S2  attd  1 1  <;  .uid  node  cotiipiites 
SI,  114.  and  .A  I .  I  Ins  mapping  is  one  ol  seseral  that  are  opt'-  ial  assuming  litnc  disision 
multiplexitig  ol'tiodes  atid  litiks,  hidireciit'iial  litiks.  atid  ssnclitonnus  opetaiiott,  1  he  time 
lor  one  ileratiiin  tmtst  include  lour  i ompiitatioti  cscles.  with  node  o  heitig  the  hottleneck 
since  it  implements  twn  hidden  layer  cells,  and  lour  communication  cscles,  two  to  tnose 
mpiit  laser  outputs  tti  hiddeti  layer  cells  and  two  to  mose  hidden  laser  outputs  tii  output 
laser  cells 

(>  (  I'RRI  \l  WORK 

I  sperimeiital  insestigation  ol  multicomputer  uetwoiks  I'or  real-time  comf'Utalion  and 
communit.ation  in  sm.irt  sinicluies  is  currently  uuderss.iy  at  Miginia  lech  (MclIenrs  et  at 
10‘)|),  ,A  tliice-node  test  bed  h  is  been  creaieil  to  studs  the  integration  of  computing, 
comtminic.atKrii,  control,  and  optical  sensing.  Nodes  arc  personal  computers  cotmected  bs 
a  liber  optic  Mil  -SI  I bus.  Wavelength  disision  multiplexing  is  used  to  mcorporate 
ititetisity  based  settsing  oti  the  same  liber  used  to  ctiris  d.ila.  ,A  miilticompiitei  lor  actual 
use  m  a  smart  structure  cinild  be  impleiueuied  usiue  much  sim|'ler  and  i-  .'le  compact  tiodes 
.and  a  dilletent  network  structure  might  be  adsaut.igeous. 
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J  M  Mazzii,  S  M  Allen,  and  A  K  Caglayan 

C'harles  River  Analytics,  55  Wheeler  Street,  Cambridge,  MA  02138 

ABSTRACT:  Presented  is  a  design  approtttli  for  intelligent  structural  monitoring 
systems,  which  con  ,  ts  of  integrating  artificial  neural  networks  (ANNs)  and  knowledge 
based  expert  systems  (KBs)  to  achieve  maximum  benefits  from  both.  This  approach  is 
based  on  an  object  ,  'tented  class  hierarchy  where  the  ANN  classes  are  determined  from 
structural  C.AD  tnodels.  Using  finite  element  strain  distributions,  clas.,es  of  ANNs  arc 
trained  to  estimate  undamaged  structural  strain  measurements  based  on  each  sensor's 
spatial  neighbttrhood.  The  KBs  evaluate  the  estimates  to  detect  sensor  failures,  isolate 
structural  damage,  tind  perfomi  damage  assessments. 


1.  INTRODUCTION 

A  smart  aerospace  structure  is  defined  as  a  structure  instrumented  with  arrays  of  sensors, 
computers  and  actuators  that  monitor  its  load  environment  ,.nd  structural  integrity  throughout 
Its  life  and  take  corrective  action  where  required  (Jaeger  and  Rt'gers  1988,  Wada  and  I-anson 
1990)  In  analogy  with  living  organisms,  the  sensor  arrays  will  play  the  role  of  the  nervous 
system,  a  computer  architecture  w  ill  play  the  role  of  the  brain,  and  actuators  w  ill  play  the  role 
of  muscles  (Cierardi  1990).  Here,  a  hybrid  ANN/KB  system  serves  as  the  “brain"  which 
relies  at  fiber-optic  and/or  conventional  strain  gauge  sensors  to  detect  and  isolate  stiactural 
damage  while  providing  assessments  for  reconfiguration  (Mazzu,  Caglayan  and  Allen  1991 ) 

The  primary  development  objective  is  to  use  the  complementary  capabilities  of  neural 
networks  and  expe:  ,  systems  within  appropriate  lask.s  and  to  deteniiine  integration  strategies 
for  creating  structural  monitonng  systems.  The  smart  structures  system  developnient  takes 
place  within  the  in-house  developed  \’ueX  ™  Hybrid  Environment  (Mazzu,  Caglayan  and 
Jonas  1991).  Within  this  system,  shown  in  Figure  I,  ANN  input  and  output  nodes  are 
represented  as  objects  within  the  knowledge  base,  thereby  supporting  the  inheritance  of 
structural  infomiation.  The  executive  controller  for  the  smart  structures  system  is  handled  by 
a  specialized  KB;  XueX  ™  allows  the  executive  KB  to  directly  pass  information  to  and  from 
the  ANNs.  Structural  information  regarding  geometry  and  sensor  locations  is  stored  within 
an  obiect  oriented  stnictural  KB.  which  also  performs  structural  reasoning  on  the  relationships 
between  sensor  lixations  and  critical  aircraft  components.  NueX  automatically  maps  the 
1')')’’  lOp  P'al'’!--'!nnk:  I  a' 
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CAD  structural  representations  into  KB  objects.  Failure  Detection  and  Isolation  (FDI)  is 
accomplished  by  both  ANNs  and  KBs.  The  results  from  the  FDI  are  evaluated  within  the 
Damage  Assessor  (DA),  which  also  includes  ANNs  and  KBs.  The  DA  is  responsible  for 
detemiining  the  structural  residual  .strength  and  the  effects  of  damage  on  critical  components 
such  as  hydraulic  lines. 


Fig.  1.  Hybrid  Smart  Structures  System 


2,  FDI  NEURAL  NETWORKS 

In  our  hybrid  smart  structures  methodology,  ANN  development  is  accomplished  using  a 
stnctural  class  based  approach.  Typically  for  large  aircraft  structures,  finite  element  models 
arc  only  available  for  specific  critical  locations,  hence  it  is  desirable  to  minimize  the  need  for 
further  analyses.  Therefore,  a  variety  of  general  structure  classes  are  defined  such  that  the 
majority  of  the  structure  is  represented;  finite  element  models  need  only  be  available  for  a 
representative  of  each  of  the.se  general  locations.  For  each  of  these  general  classes, 
specialized  ANNs  are  developed  to  process  the  sensor  measurements  which  relate  to  that 
particular  structural  class.  ANN  training  data  are  obtained  by  subjecting  each  section's  finite 
element  model  to  the  largest  range  of  loading  conditions  that  its  particular  class  may  encounter 
over  the  structure  and  over  the  load  spectrum  of  the  aircraft.  In  doing  so,  the  resulting  ANN 
can  be  used  over  any  location  on  the  structure  that  matches  its  class.  The  specific  ANN  task 
for  FDI  involves  estimating  each  sensor's  undamaged  strain  measurement  based  upon  its 
neighboring  strain  distribution.  For  example,  in  Figure  2,  sensor  .h's  undamaged  strain 
measurement  is  based  upon  its  neighboring  sensors  (1,2,  .4,  and  4). 
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Fig,  2.  Spatial  Neighborhood  Fig.  7^.  Mapping  from  FEM  Description  to  .^NN  Classes 

Consider  a  representative  airframe  section,  illustrated  in  Figure  3,  consisting  of  a  skin  cover 
with  three  attached  .sptirs.  Here,  a  144  node  finite  dement  mode)  iJlusirates  sensors  grouped 
into  two  classes.  Skin  and  Skin/Spar.  Class  1  (Skin  ANN)  consists  of  four  adjoining  skin 
plates,  while  Class  2  (Skin/Spar  .A.N’.N)  represents  any  area  where  two  skin  plates  border  two 
spar  sections  (shaded  in  grey  ).  There  ttre  numerous  instances  of  these  classes  throughout  the 
structure,  however,  only  four  have  been  selected  for  illustration.  Together,  these  four  classes 
form  what  is  labeled  as  Sector  A.  The  labeling  of  classes,  as  in  “Class  1-S16",  symbolizes 
the  relationship  between  that  particular  class  instance  and  its  associated  neural  network 
processor  (Class  1-S16  uses  sensors  3.  27  and  29  to  estimate  the  undamaged  strain 

measurement  of  sensor  16). 

3.  FDI  FIXPERT  .SYSTEMS 

The  FDI  rules  set  the  status  of  each  sensor  to  one  of  seven  states:  OK  candidate.  stLspect. 
true  alarm,  false  alarm,  failed,  or  damaged  (Figure  4).  The  absolute  value  of  the  difference 
between  ANN  undamaged  .strain  estimates  and  the  actual  strain  measurement  is  defined  to  as 
an  errar  siftnal.  If  a  sensor’s  error  signal  is  less  than  an  alarm  threshold,  its  status  is  set  to 
OK.  if  its  error  signal  is  over  the  threshold,  its  status  is  set  to  candidate.  If  the  average  error 
signal  for  the  neighborhood  associated  with  a  candidate  .sensor  is  less  than  the  alanii 
threshold,  then  its  status  is  set  to  false  alarm,  otherwise  its  status  is  set  to  true  alarm.  When 
a  sensor  is  not  functioning,  its  status  is  set  to  suspect.  The  FDI  KB  similarly  u.ses  a  damage 
threshold  to  determine  if  the  sensor  has  failed  or  the  structure  is  damaffcd  at  that  location. 

Figure  4  illustrates  the  smart  structures  system  results,  which  include  the  FDI  e.spcrt  systctTi 
and  neural  network  strategies,  for  the  airframe  section  with  centrally  ItK'ated  damage.  Shaded 
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squares  represent  alarm  signals  indicating  damage  nearby.  Therefore,  dark  squares  indicate 
highly  abnormal  strain  distributions  due  to  structural  damage.  As  indicated,  fal.se  alarms  have 
been  distinguished  from  true  alarm  signals.  The  system  has  correctly  distinguished  between 
four  sensors  which  are  not  functioning  due  to  structural  damage  and  one  which  has  been 
purposely  failed  by  the  designer. 


Fig.  4.  System  Results  for  Damaged  Airframe  Section 

These  damage  isolation  results  are  then  used  by  the  Damage  Assessor  KB  to  determine  what 
critical  structural  components  have  been  affected  and  to  estimate  the  structure’s  residual 
strength;  determined  here  to  have  been  lowered  to  25A''/f  of  its  maximum  strength. 

4.  CONCLUSIONS 


Since  the  system  performance  is  dependent  upon  sensor  positioning,  structural  class 
definitions,  neural  network  training,  and  threshold  determinations,  the  N'ucX  Smart 
Structures  Design  T'ck>1  has  been  developed  based  upon  the  hybrid  strategies  presented  here. 
These  steps  will  be  performed  iter.itively  by  the  structural  designer  using  this  tool,  along  with 
CAD  and  finite  element  programs.  In  this  manner,  engineers  will  be  able  to  create  intelligent 
structural  monitoring  systems  designed  .specifically  for  their  applications. 
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ABSTRACT:  The  application  of  a  Neural  Network  (N.N.)  for  state  estimation 
purposes  in  the  overall  problem  of  Active  Control  of  Structural  Vibrations  is  here 
suggested.  The  results  related  to  the  training  session  and  to  the  numerical 
implementation  of  the  state  estimation  for  a  vibrating  cantilevered  beam  are 
presented.  The  influence  of  parameters  such  as  number  of  hidden  layers,  number 
t)f  neurons  for  each  hidden  layer,  size  of  the  input  data  pattern  on  the  training 
section  is  shown. 


1.  INTRODUCTION 

Active  control  of  structurtil  vibrations  has  been  the  focus  of  extensive  research  in  recent 
yetirs.  It  has  been  shown  that  active  control  methods  that  use  "intelligent"  structures 
have  several  advantages  over  time-proven  passive  control  techniques.  Different  types 
of  actuators  have  been  used  for  damping  structural  vibrations,  such  as  piezoelectric 
actuators,  shape  memory  alloys  and  magnetostrictive  alloys.  Along  with  these  advances 
in  material  sciences,  in  the  past  few  years  several  control  strategies  implementing  these 
actuators  have  been  suggested  (Baz  and  Poz  1 987a,  1 987b,  1 990, Baz  1991a.l991b).  All 
the  introduced  control  strategies  require  at  each  computational  step  the  physical  (nodal) 
or  modal  position  and/or  velocity  for  each  node  of  the  finite  element  model  of  the 
structure.  Therefore  these  control  algorithms  are  not  particularly  attractive  for  practical 
implementation  unless  a  state  estimation  structure  is  introduced. 

2.  A  NEURAL  NETWORK 

Ctmsider  ;i  system  whose  dynamics  is  described  by  the  discrete  equations: 

X(k)  =  A  X(k-l)  -I-  B  U(k-l)  +  W(k)  (I) 

Y(k)  =  C  X(k)  -I-  V(k)  (2) 

When  the  dynamics  of  a  vibrating  structure  has  to  be  described  the  A  and  B  matrices 
will  be  related  to  the  stiffness  and  inertial  matrices  of  the  vibrating  structure.  The  state 
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vector  X  will  contain  nodal  displacements  and  velocities.  TTie  size  of  the  vectors  U  and 
Y  will  be  given  by  the  number  of  actuators  and  sensors  to  be  used  by  the  Active  Control 
System.  The  vectors  W  and  V  represent  random  disturbances  acting  on  the  system  and 
measurement  errors  respectively.  For  the  system  described  by  the  Eqs.  (T2),  using  a 
classic  estimation  such  as  any  type  of  Observer  or  a  Kalman  Filter  (Ogata  1987),  the 
state  estimation  will  be  obtained  in  such  a  way  that  the  estimation  structure  "has  to 
learn"  about  the  dynamics  of  the  system  at  each  time  step  starting  from  ground  zero. 
It  can  be  easily  understood  that  this  task  is  computational  very  demanding  for  high 
order  systems.  Besides  there  will  be  actuators  saturation  problem  during  the  transient, 
that  is  before  the  estimation  error  is  driven  to  zero.  An  alternative  approach  can  be 
given  by  the  application  of  a  NEURAL  NETWORK  or  NEURAL  OBSERVER  (N.N. 
or  N.O.)  system  used  for  the  estimation  task  (Baz  1991a,1991b.  Nielsennn  1990, 
Rumelhart  and  McClelland  1986,  Simpson  1990,  Widrow  1986).  A  very  basic 
architecture  of  a  N.N.  is  shown  in  Figure  1  which  represents  a  state  estimation  structure 
for  a  dynamic  system  with  4  states  of  which  only  2  can  actually  be  measured. 


Figure  1  General  Architecture  of  a  Neutral  Network 


X,(k)  represents  the  state  measurement  vector  at  the  time  step  k  and  y,(k-p)  represents 
the  measurement  from  sensor)  at  time  step  (k-p).  In  other  words,  the  state  variables 
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of  the  system  can  be  determined  by  a  combination  of  past  measurements.  A  key 
feature  of  this  structure  is  that  it  will  "learn"  the  dynamics  of  the  vibrating  system  during 
a  training  section  made  of  several  training  cycles,  with  training  data  coming  from  either 
previous  computer  numerical  simulation  or  from  experimental  data,  if  available.  The 
training  section  can  be  considered  successful  when  a  selected  parameter  related  to  the 
estimation  error  converges  to  a  small  acceptable  margin.  A  typical  choice  for  such 
parameter  is: 

.  m  n 

ERRTOT  =  -  E  E  (3) 

2  j.i  t.i 

where  n  is  the  number  of  state  variables  and  m  is  the  number  of  input  time  steps.  A 
remarkable  feature  of  a  N.N.  is  the  ability  of  learning  the  dynamics  of  both  linear  and 
non-linear  systems;  the  only  difference  is  that  nonlinear  systems  require  a  longer 
training.  Once  the  N.N.  has  been  designed  and  implemented  in  a  microprocessor,  the 
input  data  at  each  time  step  of  such  N.N.  structure  would  be  the  data  coming  from  the 
reduced  number  of  sensors  that  we  can  actually  place  on  the  structure;  the  output  data 
are  the  correct  estimates  (X)  at  each  time  step  of  all  the  states  of  the  system.  A  N.N. 
must  contain  at  least  3  layers:  1  input  layer,  1  hidden  layer  and  1  output  layer.  Note 
that  it  may  contain  more  than  1  hidden  layer.  For  the  purpose  this  study  let  us  consider 
only  1  hidden  layer,  as  shown  in  Figure  1.  Each  cell  shown  in  Figure  1  is  called 
Processing  Element  (P.E.),  also  known  as  Neuron.  The  number  of  P.E.s  for  input  and 
output  layers  depends  respectively  on  the  number  and  the  pattern  (the  previous  time 
instants)  of  available  measurements  and  on  the  number  of  states  to  be  estimated,  the 
number  of  P.E.s  in  the  hidden  layers  can  be  arbitrary.  Each  P.E.  of  the  hidden  layer 
sends  its  output  to  the  output  layer  and  receives  its  input  from  the  input  layer.  The 
output  of  each  P.E.  is  calculated  as  a  manipulation  of  the  weighted  sum  of  the  output 
of  all  the  P.E.s  of  the  lower  layer  (with  the  option  of  adding  a  threshold  parameter) 
through  an  activation  function  "f  which  must  be  non-decreasing  and  differentiable.  A 
typically  used  activation  function  is  the  sigmoid  function: 

Ax)  =  (1 

The  set  of  weights  associated  with  each  layer  are  calculated  during  the  training  session 
with  the  goal  of  minimizing  the  previously  introduced  parameter  ERRTOT.  The 
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process  of  minimizing  such  parameter  is  practically  the  learning  process.  For  our 
purposes  will  consider  a  N.N.  of  feedforward  type  with  inter-layer  connections  with 
supervised  learning.  The  design  of  the  N.N.  structure,  that  is  the  determination  of  the 
sets  of  weighting  coefficients  and  relative  thresholds,  will  be  performed  using  the  Back- 
Propagation  algorithm  (Rumelhart  an  McClelland  1986,  Simpson  1990)  which  is 
essentially  a  gradient-based  optimization  method.  This  Back-propagation  method  is  the 
most  widely  used  method  for  the  design  of  the  structure  of  feedforward  type  of  N.N. 
with  supervised  learning.  The  method  performs  the  input  to  output  mapping  by 
minimizing  a  cost  function.  Such  task  is  accomplished  by  making  weight  connections 
adjustments  according  to  the  error  between  the  computed  and  desired  output  values  of 
the  P.E.s  of  the  output  layer.  The  details  of  the  algorithm  are  shown  in  Rumelhart  and 
.McClelland  1986,  Simpson  1990. 

3.  STATE  ESTIMATION  IN  A  VIBRATING  BEAM 

A  numerical  study  simulating  the  application  of  a  N.N.  for  state  estimation  of  a  vibrating 
cantilevered  beam  has  been  performed.  Particularly  the  N.N.  has  been  designed  to 
furnish  the  stat*'  estimation  of  the  nodal  displacements  of  an  aluminum  cantilevered 
beam  subjected  to  a  random  excitation  at  the  tip  with  a  force  of  ±2  Newton.  The  beam 
hits  been  modeled  with  10  elements  and  has  therefore  20  linear  and  angular  degrees  of 
freedom.  It  is  assumed  that  the  input  to  the  N.N.  are  given  by  the  data  of  the  vertical 
displacements  of  the  node  #2  and  #3  from  time  instant  (k-1)  down  to  (k-p).  Intuitively 
it  c;in  be  understood  that  the  use  of  previous  instants  data  helps  the  accuracy  of  the 
estimates  of  the  N.N.  The  output  of  the  N.N.  will  be  accurate  estimates  of  the 
displacements  at  time  instant  k.  The  results  are  relative  to  two  phases:  the  TRAINING 
PART  and  the  SIMULATION  PART.  The  structure  of  the  N.N.  has  been  designed 
with  a  training  section  made  of  50000  training  cycles.  At  each  training  cycle  the 
algorithm  is  implemented  through  a  5  seconds  time  history  of  the  dynamics  numerical 
simulation  of  the  vibrating  beam.  The  learning  rate  for  the  training  is  kept  small  and 
is  a  linear  decreasing  function  in  order  to  avoid  oscillations  of  the  parameter  ERRTOT. 
Figure  2  shows  that  the  parameter  ERRTOT  decreases  more  for  a  N.N.  with  an  higher 
number  of  hidden  layers.  In  each  case  each  hidden  layer  contains  10  P.E.s.  This 
implies  that  better  estimates  are  obtained  from  more  complex  N.N.  Figure  3  shows 
that,  using  1  hidden  layer,  the  influence  of  the  number  of  P.E.s  on  the  accurate  of  the 
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estimates  is  minimal,  as  we  can  see  for  10,  20  tmd  ."^O  P.E.s.  Finally  Figure  4  shows  that 
the  convergence  of  ERRTOT  and,  therefore,  the  accuracy  of  the  estimates  is  helped  if 
a  certain  number  of  data  from  previous  instants  are  available.  Figures  (5-7),  relative  to 
the  SLVIULATIO.N  PART,  shows  the  comparison  of  the  vertical  displacement  of  nodes 
#  1,  #3  tmd  #5  between  the  numerical  simulation  and  the  N.N.  simulation  with  1  hidden 
layer,  10  P.E.s  and  10  input  pattern:  they  are  practically  coincident. 
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4.  (  ONCLLSIONS  AND  RECOMMENDATIONS 

A  N.N.  has  shown  to  be  a  potentially  very  useful  alternative  approach  for  the  difficult 
task  of  sttite  estimation  of  <i  vibrating  structure  within  the  overall  problem  of  Active 
Control  of  Structural  V'ibrations.  Further  studies  are  of  course  necessary.  Particularly 
the  authors  ;ire  investigating  the  numerical  implementation  of  a  N.N.  with  a  control 
algorithm  driving  piezoelectric  actuators  placed  on  the  beam  such  that  closed  loop 
performance  can  be  fintilly  assessed. 
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Modeling  and  identification  of  the  JPL  phase  B  testbed 


John  T.  Spaiios  and  Andrew  Kissil 

J<’!  I’ropiilsion  Laboralory.  Califortiia  Instit.iile  of  Techiiolo<»y.  Pasadena.  f'.A  IJllDl 


Abstract.  Thi.s  paper  repn’si'nr.s  a  ens*-  .srudy  in  modeling  and  idemificniioii  of  an 
expeiiiuentnl  flexible  .structure  designed  and  built  at  the  Jet  Propulsion  Labora¬ 
tory  to  study  the  problem  of  control-striK'ture  interaction.  Finite  element  models 
and  experinii'iitally  identified  transft'r  function  models  are  developed  and  com- 
[tareti.  Tin.'  icientification  approach  is  described  and  analytical  ami  experinu’ntal 
results  are  j)resent<'d. 

1.  Introduction 

The  '.vork  described  in  this  paper  addresses  the  modc!iiu>;  niui  ideiitincatioii  of  an 
experit’.ieutal  fii'xible  structure  desi'^ned  and  Imilt  at  the  Jet  Propulsion  L:\i)orarory. 
Referred  to  as  the  ".IPL  Pha.se  B  Te.sfbi'd. "  rlie  structure  wa.s  <iesigned  to  tluplicafe  the 
conrroi-strticTure  internc-tion  proltlems  that  are  exias.-ted  to  limit  optical  performanci' 
of  future  spaci'  telescopes  ;uid  interferouK'ters.  The  Testbed  is  a  liirhtly  dami.ied  Tuss 
str’ic'ure  cautiieverctl  to  the  gr(.>uud  and  standimj;  approximately  I'iuht  feet  tall.  .A 
det.'iiled  des('riptiou  of  the  hardwtin’  i.s  siven  by  Eldred  and  O'Xetd  ■  1091  a 

In  this  paper  we  develop  finite  element  and  input-output  transfer  function  models 
for  future  use  with  act utitor  . sensor  placement  and  control  system  design.  Com[)arisons 
Itetween  the  analytically  and  experimentally  tierive<l  models  reveal  that  finite  eienn'iit 
models  may  mrt  be  sufficeiitly  accurate  for  high  performance  control  design. 

2.  Finite  Element  Model 

The  finit('  element  model  of  the  JPL  Phase  B  Testbed  is  illnstratedt  in  Figure  ].  An 
optical  motion  compensation  system,  also  referred  to  as  ■"Trolley  ",  is  mounted  on  die 
end  ot  the  — -X  boom  and  a  four-cable  gravity  ofHoad  mechanism  supports  its  weight 
from  the  ceiling.  These  two  elements  add  complexity  to  an  otherwise  ■’clean  "  truss 
structure. 

The  model  was  assembled  u-^intt  the  N.ASTRAX  finite  element  cmle  and  consists 
of  1'29  grid  points  for  a  total  of  774  elastic  di'grees  of  freedom.  From  these  oiilv 
'25’2  degrees  of  freedom  carry  mass.  There  ar<-  2.77)  CB.AR.  S3  C()XM2.  72  MPC.  33 
CELAS2.  4  CTRIA2.  4  CQUAD4.  2  CRDE2.  2  CRIGDl.  and  1  CROP  elements.  The 
four-cal.'le  iiffioad  ini’chaiiism  was  modelled  using  CB.AR  elemenr.s  aiul  the  geometric 
stiffness  effi'ct  of  rhe  preloaded,  caitles  was  emttedded  into  the  CB.AR  element  stiffness 
properties.  However,  only  oiii'  niidspan  grid  point  was  used  in  niodeiing  each  calile 
am!  as  a  resui'  r)nly  the  fir^r  ca))le  mode  wa.s  cripfin'eil.  In  a<lditi(iii.  a  small  mirror 
mounted  'iti  die  — h  boom  wa.-  inodieled  as  a  concent  rated  niass  ngidlv  attaciied  to 
die  mi'ispan  of  .ir.e  of  die  boom  tru^s  memliers. 

^  lau;  |()(M>,,h;:sh::w  I  ■.! 
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Figure  1.  XASTRAX  Hniri’ I’lcmrnt  nioili'!  ot  rhc  .IPL  Pliasf  Q  r-srhcd  ^iiowmij, 
:iri'r!(':'. I’.nrrr;-  .c.'i r i( in>  am!  liin-i-tiDiis 

rill-  a'f.':!  iiia^''  ot  the  nioi;i-!  i.'  Aj.4  ki>:.  Till'  Tt<'ll>'y  pnx  !iris  a  ;ua.'.-'  ot  11. G  Xii  and 
a  1' 'i-.ar  imi;  fraua-  aliinu:  •■vi;h  nii.'i'i'ilaii'-im.s  ctunpouctir.-  ha.'-  a  aia.':'  ■  it  7.0G  Thr 

1  aaii'n"  ar*,n  a*’d  to  rho  — \  ana  lias  a  iiia^s  ot  ().i  kii.  Tlio  ao<a's  ot  dio  tj-’is:' 
a.r.'o  a  .-oii'-.  ar  i  a  r .  r  i  aia.'a  of  0.1  k"  <’aiai.  howi'vcr.  'lii'ir  inas-^i's  wia  i'  .^i:'.;htly  ai'aca'iai 
>■  .a'ai'Hn;  Tia'  rc  mf  ndntion  of  TUa.'-  au'ailx'r  mass  diaisity  at  tho  aodios.  ,\.!iioimli 
'i.i  'fas  mad  aoiars  aavo  iotat:oiiai  'rirfiicss.  rlu-y  wi-ii’  as.-imu'i ;  .s'ld  laas.'  aiouu'ur.- 

■  >:'  .ai’i'a'i.  Thi'  oaiy  mad  aoim.,  \vlii<-h  '.vi’ri'  -aivcn  uonacro  mas-'  aioim-at.'  "i  niiTTia 
-.vi-K-  rl;,-  Tiolk-y  i>o\-,  and  arai  !>u:Tor. 

Xoi aaal  aio'  los  aiiaia  'is  -.va.'  ix-i-toraa-d,  asiim,  RPK  s  a-rr-^ion  <  if  (  ( )SM  IC  X  .VSd  R  .  \  X 
a-,  aa  .\^T  G'G  33  <■(  laaii’.ro;-  P'ai'  tail  oi-cii-i-  mi>d('l.  252  mass  (ii-srors  ot  ti  ci-cloui.  -vas 
i:  aiofia;  aiial'.'s;s.  Pin’  dist  22  'iiactuiai  mo'^’s  m  tli*-  tr'-ipK  ary  laaiit-P-lOs  H/ 

I  a  '  r-aa.ir'rii  aial  ihra  aatiiral  ircpin-arn's  arr  lisi'-dl  m  The  srriaiil  riiiumii  -it  Ttiiiir 
\\ ,  -so'i'  raa;  'Ir-  risl.a  moilc-s  ori--nami  at  3''  H.a  an-  dm-  'o  r:i<-  lou; -rahir  -aiaia'-.ry 

■  -  dioad  an-riiaai'ia  a\  :i;r|i  'Usprai!'  rh.-  Ti'iiira  ‘'lum  ’iir  rcilimi.  ]  ;ir  trri jurary  oi  ’hr 

rs'da!  '•I'a’ai.di  aiodtr  orr-n  -  ar  .5.5  H.'  aadi  its  'hapi- rapr'-'i-ais  rorsioiial  aiotjoa 
if  *:,r  -.la-aad  roimaa  ''uadaiR'.  '!a-  -rcon'i  'ti-irtiiia:  iiioiir  orrai '  at  .  .P 
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H/  ami  is  jii-iinaiily  hcndin"  of  the  Testbed  altottr  the  Y-axis.  Hiuilu'f  '.nodes,  np  to  100 
Hz.  lepiesriit  Other  eloljtil  iiioiies  of  the  stniettire  while  several  of  the  modes  ocrtnzii'Z 
;dio\'e  K'O  H.’  are  ioetu  strut  bemlin^  moiies. 

3.  System  Identification 

The  systi'tn  iileiititiejition  process  was  carried  out  as  follows.  First,  the  fretjiiPitev 
respt)nse  of  the  stmctun’  was  iiieasnred  tisinu;  ;i  .simple  shaker  and  scvera.i  aeeeleronie- 
ters.  Seromi,  a  transfer  fnnetion  wa,s  parameterized  to  match  rhe  correspondimr  ni.odai 
transfer  fnnetion  obtained  from  iii;n;'onalizimt'  the  finite  element  model.  Tltird.  t  :n:h  fre¬ 
quency  resiKinse  meastirement  was  fitted  with  a  sctdar  trtmsfcr  function  'ptiraiuererized 
i'y  'he  mtio  of  two  'polynomials  .-md  'rood  cstiimues  of  modal  freipu'ucy  ami  daip.pinii 
were  obrtiinet!.  The  narnrtii  irecpiency  attd  dtimpinn'  esrim:it<’s  '.vtTe  sifDsequent'.y  tised 
to  fir  the  motltil  transfer  fnnetioi>  to  each  freqnem'v  response  mettsnreinent  thereby 
yteioimr  estimates  ot  the  mode  shapes  at  eticli  iiiettsurcnn'iit  location. 


3.1  Measuring  the  Frequency  Response 

Till’  measurement  staire  of  system  identification  consisted  of  excirimj;  the  Testbed  '.virh 
a  sinirle  shaker  and  ineasiirimi'  rlie  accelertitioii  tu  -liC  different  ioetitiuns  on  rhi'  stmiT-nre 
as  shown  in  Fieure  1.  The  experiment  was  conducted  tisinu;  ;i  '2630  Tektr'inix  li.ara 
aetpiisition  system  which  tillows  4  channels  to  be  monitored  at  a  time.  ()ne  of  these 
chtunieis  -was  used  to  measure  the  shaker  excitation  force  li.e..  ontiinr  voitaue  of  :i  ioaii 
cell  connected  to  tiie  sliaki.'r  via  a  stinu;eri  while  the  reimunimj;  riiree  chtiiinei.s  -were 
‘■onnecrcd  to  three  rovin<r:  Kistier  accelerometers.  The  slniker  excit.ation  force  wtis 
bamhlimited  '.viiite  noise  and  the  time  domain  litita  -.vexe  wimioweii  ti)  rcd'ice  leaka'ri'. 
trtuisfnrmeii  in  the  fre(|uency  domain  usinu:  rlie  Fast  Fourier  Trtuisform  ,  FFT  .  ami 
aver.'i'red;  to  reduce  noise.  Four  thousand  ninety  six  fretpieney  points  wert.'  taken  f(.)r 
eacli  of  four  frequency  ranges:  2. $12-12. 512  Hz,  10.31-30.31  Hz.  25  125  H.z,  .-nui  100 
500  Hz.  .As  a  result,  each  transfer  function  was  measured  at  a  total  of  4  X  409G  = 
1G3S4  frequency  points.  The  number  of  averaires  for  the  four  fre(pu'iicy  rtnnres  were 
10.  20.  30.  ami  50,  respectively. 


3.2  Transfer  Function  Parameterization  and  Curve  Fitting 


The  oi)jeefive  of  fretpieney-domain  st-stem  identification  is  to  find  a  transfer  fnnr'ion 
wliose  frequency  response  niatciies  tlie  measured  response.  We  .are  iiarricniariy  mrer- 
ested  in  a  transfer  fuiietion  that  is  defined  directly  in  terms  of  tlie  modlal  freiiuem  a-s. 
dampings,  and  mode  shapes  of  the  structure.  Tlie  elassietil  modal  model  oin aim'd 
from  rinit"  element  analvsis  iias  the  form; 
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(leiiotf  modal  fn'<|iioiU'y  and  damping  while  the  constants  dr  represent  the  static  con- 
tnimtion  of  the  high  freqtieiK’v  inodes. 

Equation  i  l  !  rejiresents  the  desired  parameterization  of  the  unknown  transfer  func- 
o.on.  The  paraiuerer  vector  ,r  which  defines  G't  s.j)  can  be  determined  from  the  ■iolu- 
rinu  of  tlie  freciuency  weighted  least  sijuares  curve-fitting  problem: 

I  '  i- 

min  G  r(  1 ' -T  )!  I  (2) 

1=1  r=i 

where  )  is  the  frequency  response  measurement.  )  is  a  positive  weight¬ 

ing  scalar  corresponding  to  the  i'^  frequency  and  r'^  measurement,  and  p  is  the  number 
of  frequency  points  at  which  the  transfer  function  wa.s  mea.sured. 

It  is  evirlent  from  ill  that  the  least  squares  cnrve-firting  problem  i2)  is  nmiiinnar 
in  'he  modal  frequi'iiey  and  damping  parameters  wliile  it  is  linear  in  the  mode  shape 
parameters  ark  and  constants  dr.  This  obso'rvation  motivates  an  approximati'  two-stei,i 
solution  to  the  optimal  curve  fitting  problem.  First,  identify  the  modal  fretiueiicies  and 
I  iampings  {r.  *,..  f*; }  using  a  .suitable  nonlinear  least  squares  algoritnm  and.  subsec.ueiitly, 
sohe  a  liiK'ar  least  squares  problem  to  obtain  the  modal  residues  ark- 

3.3  Identifying  Modal  Frequencies  and  Dampings 

Although  the  [irobleni  of  identifying  modal  frequencies  and  dampings  is  nonlinear, 
a  highly  etfective  linear  least  squares  algorithm  has  been  proposed  by  Sanatliaiiaii 
anil  Koerner  i  1DG3  !.  Tht?  algorithm  tits  transfer  functions  to  frequency  response  uien- 
sureuK'nrs  by  iteratively  solving  a  sequence  of  weighted  linear  least  square, s  problems. 
However,  it  requires  that  the  unknown  transfer  function  Gr(s)  be  paranieterizeil  a,s  a 
ratio  of  two  polynomials  in  contrast  to  the  partial  fraction  parameterization  of  i  1  h  The 
fie'aiis  of  the  algorithm  are  beyond  the  scope  of  tliis  paper  but  ailditionnl  information 
can  be  found  in  '  Suanos.  1991 1. 

Fl^RTR.W  software  implementing  the  Sauathanan- Koerner  algorithm  were  devih- 
oped  by  Dailey  and  Lukich  ( 19S7  '  who  partimerorized  the  numerator  and  denonnr.ator 
i.'f  the  unknown  transfer  function  as  sums  of  Chebychev  polynomials  I  Chebychev  poly 
uoiniaks  are  numerii  allv  better  conditioned  than  power  polynomials!.  Upon  couver- 
genc-e  of  the  algorithm,  the  Che!>yrhev  polynomials  are  tr;iiisformefi  to  power  polyno¬ 
mials  an<l  the  state  spai-e  quadruple  is  formed  by  realizing  the  power  itolynomials  into 
Controllable  caiiouical  form.  The  output  from  the  curve  fitting  program  is  n  state-space 
matrix  from  wiiirh  the  moilai  frequeneii's  and  dampings  :ue  e.asily  ('xtrncted.  2lGz 
.-Vitiiough  the  aigorithni  implementation  of  Dtiiley  and  Lukieh  (19S7')  can  fit  a  vector 
'ransfer  function  'o  ;i  rector  frequency  response  measurement,  we  hav(>  used  it  only  as 
a  'Calar  curm’- fitter  to  avoid  immerical  problems  <iue  to  the  large  amount  of  frequency 
response  data  and  accelerometer  outputs.  Furthermore,  to  avoid  having  to  identifv 
several  modal  parameters  simultaneously,  we  divided  each  mea.sureiuent  record  into 
tour  fretpiency  bands:  4.0-15  Hz.  14.3-32  Hz,  30-49  Hz,  and  32-100  Hz.  In  this  way 
we  were  able  to  tdentify  less  than  eight  modes  at  a  time.  .\  total  of  nineti'en  distinct 
mode-^  in  the  frerjuency  range  4. .5- 100  Hz  were  idi'iitified. 

Sincf'  rhere  were  56  ineasnrenient  recortis.  56  estimates  of  niixial  froqueucies  ami 
dampings  for  each  of  the  19  identified  modes  were  obtaitu'fl.  To  arrive  at  a  single 
esriinafe.  a  weigiitiag  was  assigneil  to  each  modal  parameter  b.xsi’d  on  the  tiualifv  of 
'1'..'  curve  fit:  if  a  iiarfjciilar  fit  was  visuallv  had.  then  the  moiial  paraim'ter.-  from 
‘:;at  rit  were  give;;  a  zero  weighting  faetor  and  were  not  taken  into  account  when 
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Figure  2.  Mmiai  iViMiueucy  versus  i-ai'h  curve-titu'd  rrar'fi'r  0;;i<‘t;oii 


'nmiviriiin  *:i<'  a'.cvace  '^'srimare.  Tai)i'  1  s;v<-s  du-  averaeod  ;uo(iai  in.Mut'iii'y  arni 
daainir.i;;  I'vriniati':-  alonu;  ’.vitii  O-^iiiuia  variations  while  FiS'ire  2  plots  nio<ia!  freiinency 
i:-  danipinu  I'or  all  niodes  anc.  tni'ti.'Ur.'tuen'  •.■■•eoriis.  I.  '.s  ,<’:u)\vn  that  the  variation 
in  naalai  ;V'‘'ii;en..-y  i-;  on  riic  ordci  of  1.'  whiio  the  v;u;;iti<)n  in  niodai  danijhjnr  is 
m  "he  'riiei  i)l  iUO  .  Thi-s  indieates  tijai  it  is  l•ousi(.il'rai'iy  more  dilfictrir  to  idi.-ntifv 
modal  dtiinitiini  rh.'in  it  i.-  to  iiii'ntify  tnonal  freiinetiey.  \\e  .also  note  tlmt  'he  a'.’oraa  ’ 
motiai  dainpinn's  varicl  from  0.04’7  lor  mode  5  to  1  2' 1  tor  moiie  19  winelt  .imihries 
the  stiateture  as  ''iisThtly  ilamped". 

3.4  Identifying  Mode  Shapes 

( )nee  rile  modal  freipu-neies  :ind  ilampings  were  'oenii.  the  niochil  residues  at  t  ae 
na’asnrement  loeatious  wert  li'termined  froni  the  solution  of  tne  hnear  lea.st  stp.i.ares 
pro'olem:  ■>  ,  . 

min  ni.m,-,  '  H  r‘ J~~',  ^  —  Cj  r- J ■  l^r- 'ir  '  '■  '■  =  1.2 .  .J  lai 

1=1 

where  Or  =  (''ri-'  ; .  ''mil  represents  the  vector  of  modal  r<'sitiues  associated 

with  the  r'^  tneasnrement  location.  Alter  the  modal  residues  ttri,  were  determineii. 
"he  normalized  eicenveetitr'-  we'-e  obtained  from  Cvt  -  Orjt  v'u  wb.ere  .an-  =-  on,. 
Fimire  .j  shows  a,  typi.ial  transfer  Umetion  obt.ained  from  tia  curve  tirtinc  jtrorednre, 

4.  Comparison  of  Finite  Element  and  Identified  Models 

Se'.eral  comparisons  were  made  between  the  finite  element  model  aiai  the  nientified 
'ransfer  function  inod.el.  Spccificadv.  comparisons  were  made  between  modal  trepuen- 
■  'ics.  •lai.ie  sh.apes.  and  transler  tunctajiis. 


4,1  Comparison  of  Modal  Frequencies 


■  .  :  )i ' ' -  '  :;r  -  n;  i  .r  nn’  ni' » ;;u  t: > ihrjinn''  1  troin  tin' 

•  ■  wi^rait.cil  fro!;i  r'lrv.'-tirrinn,  Thf  hr<r  rwo  a!<Mi;\i  :Voc|i;c'nci.'< 

I'i  a,-''-  'liaii  (1.2', '.vi.irh  is  Ics^  rhai!  rlir  l..j' ■'  G-^imua  variation  of  ‘In' 
a  ti'iti'  O  taoiaai  tv’caioiic-y.  riio  tl’.inl  aio'ic  'iiows  a  roiativc'ly  lartrc  'lisaropain'y 

•  .  ia '■.vi'-.'i  r,  point  onr  liiat  .lisaropaiiaioa  ■if  .j",’  or  ios.--  tire  yoncrtilly  a<,)nsid('i'i'i ! 

'll..;  ::i  tnoiiai  -tirvoy  aroati.  Fiirtnarnioio.  '.vc  fount  i  ti  nnnibfr  of  tintilyriftt!  tnotios 
!;.a:  r.  -.v-.m  oxiporiiiiftiraily  iflfuririi'tl  modes  .anil  viao  vor'-ti.  We 

O'-''-  v  nanripie  tnoties  .assoeiatot:  the  iriaaviry  iifp.otid  niecntnnsin  ni'ar 

a  il.-'  '.v  ■  :.or  d;~t:net;y  :< a-at tfieti  by  rlie  ■■■.rve-dtrer.  A  eona siritam  of  t iie  nioili' 

::a;>'  ^  itrovaa  o  a.  ;< lit :i,>n<'il  insietir  nittj  tujvr  riio  motles  >uoulti  ht'  ptnre'l. 


4  2  Comparison  of  Mode  Shapes 


li.'.otii.’n  ot  'tie  enieiivecrors  ;s  .arbirr.aev,  the  ideiUiHed  nanies  wt n 
■')  iiiiiiiirii/e  rlie  Sinn  of  tire  stiuares  .of  the  thtferenees  'oetween  thi 
loaretl:  i.e.. 

:r:;t.  o,  ■  -  '  i  Ori-  /.■ 
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‘'..'ttie';  a.oite~.  ;e'  rr  ip  .‘.r  ami  'a  hne  the  relati'.'e  error  i|nai;tity: 
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FREOL'ENCY  (Hz) 

Figure  3.  Coniparison  of  a  curve-fitted  rrausf.'r  function  i  722  y-i-ispl.  il2  lovvv 
v.'ith  '::c  l■orl■('^■pon(.ii:^s>'  iiii'ii.sr.rciiK'iit  data. 

Thi'  fiuaiitity  1  ’.va.s  used  a;'  a  ini’a.-^urc  of  rlu'  cori'cspoiuii'ncc  bicv.-cc:'.  tuoiii's. 

C''.''ni'ly,  a  corrcsTtondenia'  vaitn-  of  1.0  woi;!d  indicarc  an  exact.  ;narc-h  of  the  tiiodo.'. 
In  •hi:'  way  I’ach  of  the  fiit't  22  analyriral  inodi.'s  was  (.oinparcd  w;r!;  oacii  of  the 
idcntirii'd  mode.-;  and  the  pairinn'  ordi.-r  of  Taitle  1  was  oitrained. 

4.3  Comparison  of  Transfer  Functions 

Tint  ino.sr  direct  rnerhod  <)f  evnluating  the  lintiiiry  of  rh<‘  two  models  is  iiy  ;.Hot;in>i 
their  freijiicncy  response  al<.)ng  with  rlie  measured  d;ua.  In  orcler  ■'o  make  me.aiiinirfnj 
ct)nipar;son;s.  the  modal  model  olttained  from  finite  elemenr  analysis  was  a.ssiiineii  -iie 
mod.'d  dampimis  of  tin'  identified  modci.  Figures  3  and  4  show  how  a  '}'j)ic.ai  freinieiicy 
response  metisnrernent  comptires  with  the  idonrineti  motlei  ami  the  riiiite  <'Iemeut  modiel 
respectively.  The  transfer  function  corresponding  to  the  finite  element  modid  ^  Fiu'.  T 
is  a  eonsidm'abiy  worse’  fit  to  the  measurement  than  its  curve-fitted  coimtei’iart  'Fig. 
3e  As  ex'pected.  the  finite  eieuieiit  model  performs  best  in  the  h)\v  Ireuueiicy  lan-ii' 
^  up  U)  17  Hu)  capturing  the  lowest  four  modes  while  the  identified  !Uo<i<'i  fits  -he  data 
I'losely  tiiroughout  the  freipieney  range  4.O-100  Hu. 

5.  Future  Work 

For  system  identincation  with  a  single  (excitation,  modes  witii  viljrarioii  nodes  m  ar  tlie 
'■X'ciration  loeariori  rntiy  not  appear  in  tlie  frefiueney  resijonse  measmi’ment  ami,  as 
a  result,  they  may  not  be  identified  by  the  curve-fitter.  Muhiple  (excitation  '[(Kearious 
should  alleviate  rliis  proidem.  Furthermore,  nc.-w  and  existimz:  mctlioils  tor  tuiune 
finite  element  models  with  experimental  measuremcTits  will  be  cvahiated  ami  rin-  most 
proini.'ing  (tries  will  lie  a[)plicd  on  the  .IPL  Phase  B  Testbed. 
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Figure  4.  Couipnrisoii  of  a  /inite  elerrnntt  trnnsft'r  function  :  T‘22  }’-displ.  '  412 
f'lctv  wirh  the  conespondiiit:  nieasiiromcnr  liara 

6.  Conclusions 

[;i  f'.iis  papf'r  we  h;',v('  pr(?s<?nted  the  results  of  aii  expcrimciiral  fiexilile  strur- 

Finite  fleinent  and  cxperinieiirnily  ideiitifii'd  tran.-fer  function  niodolrt  wei'c  de- 
vi'iijpi'd  and  l•^)Inpare(i.  A  frequency  dioniain  -ysteni  idenriricatitjii  tnetiiodoiotry  based 
■  )u  'rausfer  function  cunv<*-tittin>j;  was  des(rr;bed  and  was  shown  to  !)e  etfectivo.  Ha\'- 
iiui  eonipare!’  modal  tr'Sjiiencies.  mode  shapes,  .and  transfer  functions,  we  found  the 
rinire  element  nioiicl  to  he  inferior  to  the  identirief!  model.  The  discrepancy  was  more 
prorioiiiicefi  ;ir  freii'ien.des  beyornl  the  first  four  iii(d)al  modes  of  rile  stnu'ture.  In  adtii- 
uon.  we  found  tliaf  ■  .le  variations  in  the  modal  dampinii;  estimates  were  approximatelv 
100  times  iava'-r  tiian  the  variations  in  the  mod.al  frequency  estimtUes  Indicatimr  that 
nnxlal  damping  v.-as  more  dilhcult  to  identify  riian  mod.al  fretpamey. 
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Placement  of  a  limited  number  of  sensors  for  modal  identification  of  a  space 
station  photovoltaic  array 
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ABSTRACT:  An  iterative  method,  called  Effective  Independence,  is  used  to  place  a 
small  number  of  sensors  on  a  representative  Space  Station  photovoltaic  array  for 
identification  of  a  set  of  target  mode  shapes.  The  method  ranks  sensor  locations  based 
upon  their  contribution  to  the  linetu"  independence  of  the  ttu'gct  modes. 


1.  INTRODUCTION 

On-orbit  system  identification  will  be  a  vital  component  of  the  successful  operati(>n  of 
proposed  large  space  structures  (ESS).  The  vibration  data  obtained  from  either  dclibetatc 
input  or  external  disturbances  will  be  used  to  design  control  systems  and  correct  analytical 
models  for  structural  dynamic  analysis.  In  many  cases,  a  modal  represeniaiiim  will  be 
desired.  An  on-orbit  modal  identification  of  an  ESS  will  present  many  difficulties  for 
experimentalists  which  are  not  present  in  a  ground  vibration  test  of  a  smaller  structure.  One 
of  these  problems  is  the  placement  of  sensors.  In  the  case  of  an  on-orbit  test,  the  number  of 
sensors  will  be  extremely  limited  due  to  weight  and  cost  considerations.  A  small  allotted 
number  of  sensors  must  be  placed  on  the  structure  to  identify  a  limited  number  of 
dynamically  important  tiu'get  modes. 

While  many  authors  have  considered  sensor  placement  for  control  purposes,  only  Kammer 
(1991)  has  considered  sensor  placement  for  modal  identification  from  the  standpoint  of  using 
the  test  data  to  perform  test-analysis  correlation  and  analytical  model  updating.  The  modal 
partitions  obtained  from  the  test  data  must  i>e  linearly  independent  otherwise  correlation 
analysis  w'ill  fail  because  the  test  mode  shapes  will  be  .spatially  dependent.  This  paper  applies 
the  Effective  Independence  method  presented  by  Kammer  (1991)  to  place  a  small  number  of 
sensors  for  modal  identification  of  a  Space  Station  photovoltaic  (PV)  array.  The  utility  of  the 
proposed  sensor  placement  methcxlology  is  demonstrated  through  numerical  simulation  of 
modal  identification  analy.ses  using  the  Eigensyslem  Realization  Algorithm  (ERAi  (Juang 
and  Pappa  1985)  and  a  realistically  sized  example. 

2  SENSOR  PEACEMENT  METHODOLOGY 

Initially,  a  set  of  modes  is  selected  for  identification  from  the  finite  element  representation  of 
the  structure  This  set.  called  the  target  modes,  is  chosen  based  upon  some  measure  of 

^  l()(>  Piihrsh-ti^  I  at 


X,(k)  represents  the  state  measurement  vector  at  the  time  step  k  and  y,(k-p)  represents 
the  measurement  from  sensor  j  at  time  step  (k-p).  In  other  words,  the  state  variables 


2ti2  li  t/ic  tA.'/i'r/i/A  A(hipli\c  Stnu  tun's 

dynamic  importance  and  should  in  general  include  mode  shapes  which  are  strongly  excited  by 
the  proposed  inputs.  Next,  a  large  set  of  candidate  sensor  locations  is  designated  from  which 
the  smaller  final  sensor  configuration  will  be  selected.  The  objective  of  the  Effective 
Independence  sensor  placement  strategy  is  to  select  sensor  locations  which  render  the  target 
mixle  shape  partitions  as  linearly  independent  as  possible. 

The  sen.sor  placement  problem  is  approached  from  the  standponu  of  estimation  theory.  Th  ■ 
target  mode  independence  requirement  implies  that  at  any  time  i,  the  .sensors  can  be  sampled 
and  the  Utfget  modal  response  can  be  estimated.  A  static  Fisher  model  is  assumed  for  the 
output  equation  in  the  fomi 

=  (2.1J 

in  which  a,  is  the  response  at  the  .sen.sor  loc'ation.s,  is  the  miiiri.s  of  (initc  clcmcin  mode} 
target  mode  shapes  partitioned  to  the  sensor  degrees  of  freedom,  q  is  the  target  modal 
response,  and  v  is  the  sensor  noise.  Noise  v  is  assumed  to  be  a  stationary  additive  random 
observation  disturbance  svith  zero  mean  and  positive  definite  covariance  intensity  matri.x  R. 
■An  efficient  unbiased  estimator  yields  an  estimate  error  covariance  matrix  of  the  form 

P  =  f:\(q-q)(q-qV\  =  \0^,,R-'0,A- 

where  Q  represents  the  Fisher  Information  Matrix  (Middleton  196(1).  Maximization  of  Q 
results  in  the  minimization  of  the  error  covariance  matrix  P  which  results  in  the  best  estimate 
q.  The  initial  candidate  sensor  set  is  selected  such  that  d>y,.  is  full  column  rank  implying  that 
Q  IS  positive  definite. 

The  method  begins  by  computing  the  Fffcctive  Independence  distnbutioii  vector  T/i  using  the 
expression 

where  'F  are  the  orthonormal  eigenvectors  of  positive  definite  Q  and  [A]  are  the  corresponding 
eigenvalues,  (  )  represents  a  icrm  by  term  square  of  the  enclosed  matrix,  and  |  1  I,,  is  a 
column  vector  of  I's  with  dimension  r  corresponding  to  the  number  of  target  modes.  Terms 
within  the  vector  represent  the  fractional  contribution  of  each  sensor  loeation  to  the 
independence  of  the  target  modes.  Entries  in  vector  fc'p  are  sorted  by  magnitude  and  the 
lowest  ranked  sensor  is  deleted  from  the  candidate  set.  Remaining  sensor  locations  are  then 
ranked  and  sorted  again.  In  an  iterative  fashion,  the  initial  candidate  set  of  sensor  location.s  is 
rapidly  reduced  to  the  number  allotted  for  the  test. 

A  modal  analysis  was  performed  for  a  finite  element  representation  of  a  Space  Station  I’V 
array.  These  mixles  were  calculated  with  the  PV  array  fixed  at  its  base  which  is  cmisisicni 
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with  the  connection  of  the  array  to  the  Space  Station.  Dynamically  important  array  modes  are 
defined  here  as  those  modes  which  are  strongly  excited  by  the  motion  of  the  rest  of  the 
station.  These  are  precisely  the  fixed  interface  array  modes  which  contribute  strongly  to  the 
forces  and  moments  at  the  array  base.  Selected  target  modes  and  corresponding  frequencies 
are  listed  according  to  fractional  contribution  to  interface  loads,  M/,  in  Table  1. 


Table  1.  PV  luray  target  modes  selected  based  upon  interface  load  contribution 


Mode 

Freu.  (Hz.l 

Mj 

5 

0.155 

0.237 

3 

0.123 

0.123 

6 

0.194 

0.062 

78 

1.412 

0,055 

2 

0.1 14 

0.052 

1 

0.112 

0,046 

4 

0.133 

0.033 

11 

0..5()6 

0.013 

21 

0.454 

0.012 

10 

0.288 

0,010 

The  initial  candidate  set  of  sensor  locations  consisted  of  three  mutually  perpendicular  linear 
motion  sensors  at  107  node  points  evenly  distributed  over  the  array.  The  Effective 
Independence  method  was  employed  to  reduce  the  initial  321  sensor  locations  to  15  locations 
which  were  to  be  used  for  identification  of  the  target  modes.  One  sensor  was  deleted  during 
each  iteration.  The  derived  sensor  configuration,  designated  the  Ell  sensor  set,  is  illustfated  in 
figure  1 .  For  comparison,  three  other  sensor  configurations  were  selected,  each  containing  15 
sensors.  The  first  set  was  based  upon  modal  kinetic  energy  and  will  be  referred  to  as  the  KE 
configuration.  The  candidate  sensor  location  containing  the  largest  kinetic  energy  for  each 
target  mode  and  the  next  five  highest  ranked  locations  over  all  the  target  modes  were  selected 
for  this  sen.sor  configuration  which  is  illustrated  in  Fugurc  2.  The  other  two  15  sensor 
configurations  were  selected  based  upon  engineering  judgement  which  is  so  often  used  in 
sensor  placement.  These  two  sets  will  be  designated  as  EJl  and  EJ2  and  are  pictured  in 
Figures  3  and  4.  respectively. 

Table  2  presents  the  detemiinant  and  condition  number  of  the  infonnation  matrix  for  each  of 
the  four  selected  sensor  configurations.  While  the  size  of  the  determinant  gives  a  measure  of 
the  amount  of  target  modal  response  information  contained  in  the  sen.sor  data,  the  condition 
number  in  the  spectral  norm  gives  a  measure  of  the  linear  independence  of  the  target  modal 
panitions.  A  value  of  1 .0  indicates  that  the  partitions  are  orthogonal  and  of  equal  Euclidean 
length  and  are  thus  as  independent  as  possible.  Out  of  all  four  candidate  sensor 
configurations,  the  set  based  upon  Effective  Independence  yields  the  ku’gcst  detemiinant  and 
the  smallest  condition  number. 
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Fig.  1  Effective  independence  Fig.  2  Kinetic  Energy 

sensor  configuration  (Htl)  Ncnsor  configuration  (Kl-i) 


;uv 


Fig.  3  Engineering  Judgement  Fig.  4  Engineering  Judgemem 

sensor  configiiratiop  1  (EJl)  sensor  configuration  2  (FJ  2) 


Table  2.  Fisher  Infonnation  matri.x  determinant  and  condition  number  for  each  sensor  set 

Efl  KE  EJl  EJ2 

Determinant  3.36xl(T  7.41x10'  5.17x10  '  5.05x10 

Condition  Number  1.71x10'  4.5Sxl(>'  5.15x10*'  3.96x1(0 
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3.  MODAL  IDENTIFICATION  OF  SPACE  STATION  PV  ARRAY 

The  Eigensysiem  Realization  Algorithm  was  used  to  extract  mode  shapes  and  frequencies 
from  simulated  response  to  initial  conditions  for  each  of  the  four  sensor  configurations 
described  in  the  previous  section.  The  displacement  at  the  ith  sensor  location  was  simulated 
usinsj  the  relation 


(3.1) 

where  0,,  is  the  ith  coefficient  in  the  jth  target  mode,  is  the  corresponding  damping  ratio, 
cOj  is  the  natural  frequency,  i//,  is  the  phase  angle,  and  q„j  is  the  initial  condition.  The  time 
series  was  sampled  at  20.0  Hz.  providing  approximately  fourteen  data  points  per  period  for 
tlie  highest  frequency  target  mode.  Noise  v,  was  added  to  the  sensor  data  at  each  sample  as  a 
zero-mean  Gaussian  sequence  with  variance  cr*.  Sensor  data  was  generated  for  three  linearK 
independent  vectors  of  target  mode  initial  conditions  given  by  t//=!  1  1-10  1  1  10  1  1  jC 
(/■  =  j-l  1  I  10-1  1  1  0  1  and  q’;=(  1  1-10  1  1  101  1)^  Phase  angles  were  tissumed  to 
be  zero.  In  all  the  ERA  identification  analyses  perfonned.  the  block  Hankel  matrix  possessed 
90  rows  and  1,050  columns.  Details  of  the  ERA  formulation  can  be  found  in  Juang  ;ind 
I'appa  ( 1985). 

Seven  cases  were  considered  for  each  of  the  four  candidate  sensor  configurations.  Table  .3 
lists  the  percetitage  modal  damping  and  noise  level  for  each  case,  llie  simulated  test  data  w  as 
generated  using  the  finite  element  representation  of  the  PV  array,  therefore  the  analytical 
model  was  assumed  to  be  correct.  Once  the  test  modal  parameters  were  computed  from  the 
corresponding  sensor  data,  test-analysis  correlation  was  performed  to  determine  the  ticcunicy 
with  which  the  target  mfxles  were  extracted.  Frequencies  were  compared  directly.  Test  and 
analysis  mode  shapes  for  each  sensor  configuration  were  compared  using  the  cross¬ 
orthogonality  computation  (Chen  and  Garba  1985)  given  by 

in  which  are  the  identified  test  modes  and  is  a  test  analysis  miKlel  mass  matrix. 

Table  3.  Percentage  modal  damping  and  noi.se  in  sen.sor  data 


Case  1 

Case  2 

Case  3 

Ca  se  4 

(i’ase  5 

C;ise  6 

Case  7 

Damping 

1.0 

1.0 

1.0 

1.0 

1.0 

5.0 

10.0 

Noise 

0  1 

0.5 

1.0 

5.0 

10.0 

0.1 

0.1 

TTie  ith  target  mode  is  said  to  be  accurately  identified  from  the  sen.sor  data  if  its  corresponding 
diagonal  term  from  the  cross-orthogonality  matrix  C„  is  greater  than  or  equal  to  0.90  and  its 
corresponding  frequency  error  is  less  than  or  equal  to  5. Off.  The  accuracy  criienon  was 
applied  to  the  correlation  results  to  determine  the  total  number  of  target  mixles  identified  in 
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each  instance.  Figure  5  illustrates  the  results  for  cases  1  through  5.  In  each  case,  the  EH 
.sensor  configuration  resulted  in  a  larger  number  of  accurately  identified  target  modes.  If  the 
noise  level  is  held  fixed  and  the  damping  increased,  as  in  cases  1,  6,  and  7,  the  Efl  sensor 
configuration,  once  again,  yields  a  larger  number  of  accurately  identified  target  modes  than  the 
other  three  sensor  sets  as  illustrated  in  Figure  6. 


Fig.  3  Accurately  identified 
modes,  cases  1-5 


Fig.  6  Accurately  idemified 
modes,  cases  1,  6.  and  7 


4.  CONCLUSION 

This  paper  demonstrates  the  utility  of  using  the  Hffective  Independence  procedure  for  sensor 
placement  in  the  case  of  on-orbit  niixlal  identification  where  a  limited  number  of  sensors  will 
be  available.  The  method  ranks  sensors  based  upon  their  contribution  to  the  linear 
independence  of  a  set  of  target  modes.  In  an  iterative  manner,  sensors  w  iih  low  ranking  are 
eliminated  from  a  large  candidate  set  resulting  in  the  final  configuration  The  Eigensysiem 
Realization  Algorithm  was  used  to  extract  mode  parameters  from  simulateil  response  data.  In 
all  cases  considered,  the  F.n  sensor  configuration  identilicd  more  target  modes  than  ttie  other 
sensor  sets  considered. 
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Aircraft  structural  integrity  and  “smart"  structural  health  monitoring 


P.  S.  Rutherford,  E.  A.  VV'cstemi.tn 
Mt)eing  Defense  I'e  Space  Group 
Military  Airphines  Division 
Sctuile,  \Vashin;eton 


ARSTRAC'T:  A  "Sniart"  Structiinil  I  leahh  Monitoring  System  (SHMS)  would  consist  of  a 
network  nl  advanced  photonic  sensors  integrated  into  an  airframe.  SHMS  would  detect  and/' 
or  moti  itor  fatigue  ciMcks.  corrosion,  impact  events,  disbond,  and  temperature  to  ensure  flight 
safety  at  .i  minimum  cost  to  petl'onitance  without  reducing  aircraft  availability  or  increasing 
mtunienance  costs.  Complementing  C.S,  Air  Force  Airframe  Structural  Integrity  Program 
( ,\SIPi  w  iih  Si  l.MS  in  ati  aircraft  offers  significant  benefits  by  enabling  individual  structural 
■'status." 


INTRODLlC'nON 

.\  "Smart"  Structural  Health  Monitoring  System  (SHMS)  would  consist  of  a  network  of 
.Kivanced  photonic  sensors  integrated  into  an  airframe.  SHMS  would  reduce  current  aircraft 
maintenance  and  yield  performance  ;ind  cost  benefits.  How-cver.  system  integration  issues  have 
not  been  resolved.  I'his  paper  discusses  the  benefits  and  integration  issues  of  a  “Smart"  SHMS 
with  the  current  /Xirframe  Structural  Integrity  Program  (ASIP)  to  ensure  aircraft  structural 
integrity  throughout  the  economic  life  of  the  aircraft. 

rOIXAX "S  ASIP 

Sinictur.il  integriis  of  today's  aircraft  is  achieved  in  part  through  disciplined  durability  and 
d. image  toler.ince  designs  and  fulbscale  test  validation  procedures.  It  is  maintained  by  an  on 
going  force  m.inagemeni  program.  The  I'.S  /Xir  Fwce  ASIP  is  an  umbrella  effort  that  promotes 
these  activities  to  ensure  aircraft  structural  design  provide  the  required  strength,  stiffness,  and 
mtirgin  of  safety  for  the  least  cost  throughout  the  aircraft  economic  life. 

Xlinimum  detectable  flaw  size,  flaw  growth  rates,  load  path  plurality,  component  accessibility, 
and  replacement  costs  must  be  considered  w  hen  selecting  a  safe  and  least-cost  design  approach. 
Based  on  the  expected  aircraft  operational  usage  and  flaw  growth  rates,  a  maintenance  plan  can 
be  implemented  that  continuously  checks  for  the  detectable  flaws  during  scheduled  inspections. 
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The  Loads/Environment  Spectra  Survey  (LESS)  collects  data  to  determine  the  aircraft  usage  and 
flight  load  spectra  using  appropriate  instrumentation  on  selected  aircraft  in  the  fleet.  These  data 
are  input  into  the  Individual  Aircraft  Tracking  Program  (lATP),  which  is  used  to  modify 
inspection  schedules. 


SH.MS  OVERVIEW 


The  figure  below  illustrates  the  “Sman”  SHMS  concept  as  a  network  of  advanced  photonic 
sensors  integrated  into  an  airframe  on  a  future  fighter  aircraft.  SH.MS  would  detect  and/or 
monitor  fatigue  cracks,  corrosion,  impact  events,  disbond,  and  temperature  to  ensure  flight  safety 
at  a  minimum  cost  to  perfonnance  without  reducing  aircraft  availability  or  increasing  mainte¬ 
nance  costs. 


•  Photonic  sensor  suite 


Figure  1.  "Smart"  Structural  Health  Monitoring  System  Concept 

Complete  sensor  coverage  would  be  implemented  in  critical  areas  and  parts.  These  parts  would 
be  identified  during  the  aircraft  damage  tolerance  and  durability  analysis,  full-scale  testing,  and/ 
or  during  vehicle  service  in  respon.se  to  incurred  damage.  Additional  monitoring  capability 
uould  be  built  into  the  SH.VIS  to  allow  for  a  significant  growth  of  sensor  coverage  during  the 
life  of  the  aircraft,  enabling  service -critical  part  or  repair  part  coverage.  Structure  that  is  simply 
difficult  and  costly  to  access  and  inspect  with  photonic  sensors  would  receive  lesser  coverage. 
Monitoring  areas  and  parts  with  minimum  sensor  coverage  would  rely  on  individual  aircraft 
usage  and  flight  load  spectra  in  a  classic  ASIP  sense. 

Sensors  would  be  confomial.  unobtrusive,  and  easy  to  install  in  the  field  without  sacrificing 
aircraft  perfonnance.  l  o  acquire  data,  sensors  would  be  locally  interfaced  into  a  distributed 
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network  of  conformally  integrated  avionics  modules  using  a  robust  hybrid  package.  After 
preprocessing,  redundant  or  unusable  sensor  data  would  be  discarded.  Pertinent  preprocessed 
sensor  data  would  be  transmitted  to  the  aircraft  central  computer  for  further  evaluation,  storage, 
and  action.  Ground  support  personnel  would  download  sensor  information  from  the  central 
computer  and  interpret  it  to  detennine  maintenance  and/or  damage  repair  action  required  before 
the  ne,\t  sortie. 

ADVANTAGE.S  OF  SHMS 

SUMS  in  an  aircraft  offers  significant  benefits  by  enabling  individual  structural  “status,"  which 
increases  availability  and  reduces  maintenance  costs.  Improved  aircraft  availability  would  result 
from  a  significant  reduction  in  today’s  precautionary  manual  and  tear  down  inspections,  which 
frequently  indicate  no  damage.  Improved  aircraft  structural  “status”  would  result  from  real-time 
structural  health  monitoring,  enabling  immediate  condition  awareness  for  inflight  assessment  of 
structural  integrity.  Reduced  life  cycle  costs  would  result  from  applying  sensor  networks  to 
monitor  both  structure  and  other  highly  integrated  .sy.siems.  Operational  and  maintenance- 
induced  d,image  can  also  be  detected  and  monitored  using  SHMS.  Continual  flaw  monitoring 
will  pennit, some  maintenance  to  be  deferred,  allowing  greater  aircraft  availability  and  flexibility. 
This  flexibility  could  allow  additional  sorties  from  battle-damaged  aircraft.  Repaired  damage 
could  also  be  instrumented  and  incorporated  into  the  SHMS  foracontinuous  assessment  of  repair 
performance. 

Future  aircraft  will  require  new  structural  materials  and  design  technologies  to  meet  signature 
requirements.  Accessibility  to  the  internal  structure  to  perform  inspections  will  be  limited 
because  of  the  congestion  created  by  burying  engines,  avionics,  antennas,  and  cooling  systems 
within  the  structure.  Inspection  of  internal  structural  components  will  require  removal  of  all 
interfering  systems.  Specialized  maintenance  personnel  will  be  required  to  perfomi  all  system 
remove-and-replace  actions.  In  addition,  those  panels  and  components  removed  for  inspection 
access  will  have  to  be  replaced  and  checked  before  the  aircraft  is  available  for  sorties.  SHMS 
has  the  advantage  of  isolating  damage  locations  without  part  removal.  Therefore,  access  to  the 
internal  structure  for  inspection  is  not  required. 

FLTURF  ASIP 

romplementing  .ASIP  with  a  “Smart”  SH.MS  would  affect  both  the  structural  design  and 
maintenance  philosophy.  Damage  tolerant  designs  would  be  influenced  by  a  new  set  of  tlaw  size 
assumptions  ba.sed  on  the  minimum  detectable  flaw  .size  u.sing  SHMS  sensors,  thereby  reducing 
the  nondestructive  inspections  (NDl)  experienced  in  today’s  ASIP.  The  design  engineer  will 
position  SHMS  .sen.sors  in  the  area  of  structural  concern,  similar  to  the  NDI  location,  and  define 
guidelines  for  data  interpretation  and  evaluation. 

The  duration  for  which  structure  is  required  to  withstand  damage  would  be  reduced  because 
damage  would  be  detected  earlier.  Also,  periodic  manual  inspection  on  future  structures  may  not 
always  be  afforded.  Since  human  error  significantly  reduces  the  effectiveness  in  manual  NDI, 
further  conservatism  is  built  into  the  inspection  intervals.  Therefore,  less  design  conservatism 
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could  be  employed  if  a  sufficient  understanding  of  real-time  flaw  growth  and  location  is 
available. 

During  individual  part  strength  and  fatigue  testing,  photonic  sensors  would  be  incorporated  to 
validate  the  ability  of  the  sensors  to  detect  critical  flaw  .sizes.  SHMS  would  also  be  u.sed  during 
full-scale  development  to  validate  the  environmental  changes  and  interaction  of  other  compo¬ 
nents.  Such  validation  would  give  the  design  engineer  confidence  that  critical  flaws  will  be 
detected  accurately  in  actual  operation.  Today’s  ASIP  requires  that  a  structure  be  durable  enough 
to  tolerate  a  detectable  Haw  size  me  entire  inspection  interval  or  longer.  This  requirement  reduces 
the  allowable  inspection  inters  al.  The  immediate  detection  of  structural  anomalies  would  allow 
design  options  that  nomially  require  inspection  frequencies  that  are  too  short  to  be  practical  with 
ttxJay’s  .\D[  techniques. 

The  proposed  SHMS  would  cotnplement  force  management  plans.  With  immediate  interpreta¬ 
tion  of  structural  "health."  Ux'ations  requiring  immediate  damage  verification  could  be  inspected 
with  portable  ba.se-level  NDI  techniques,  giving  the  base-level  maintenance  personnel  the  ability 
to  as.sess  temporary  repair  potential. 


CONCLISION 


.•\".hmart"  SI  IMS  w  ould  reduce  trial ntenance.  extend  economic  life,  and  decrease  life  cycle  costs 
while  improving  individual  aircraft  structural  integrity  and  increasing  performance.  Issues  to  be 
considered  are  component  economic  life  design  (replacement  costs)  comptu'ed  to  the  added  costs 
of  sensor  installation,  network  integration,  weight,  and  power  requirements.  When  determining 
if  a  ’’Smart"  SI  I.MS  should  complement  ASIP  the  engineer  must  take  a  global  system  view  and 
weigh  the  added  costs  of  sensor  coverage  against  the  advantages  of  a  SHMS  on  a  life-cycle  cost 
basis.  Tliis  system  may  increase  costs  in  the  design,  development,  and  production  of  an  aircraft, 
hut  add  significant  savings  over  the  life  of  the  aircraft. 
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Development  of  an  intelligent  rotor 


Inderjit  Chopra 

Center  for  Rotorcraft  Education  &  Research 
University  of  Maryland,  College  Park,  MD  20742 


The  principles  of  smart  structuies  technology  are  applied  to  the  rotary¬ 
wing  field  in  order  to  build  an  intelligent  rotoi  with  reduced  vibration.  A 
higher  harmonic  control  (HHC)  system  based  on  piezoelectric  technology  is 
being  developed  to  suppress  vibration.  This  system  will  use  piezoelectric 
crystals  for  both  sensing  and  actuation  and  will  require  the  development  of 
an  active  feedback  control  system.  An  analytical  model  of  the  piezoelectric 
HHC  system  is  being  formulated  and  incorporated  into  a  comprehensive 
rotorrraft  code  fllMARC).  This  mode^  will  then  be  validated  against 
numerous  experimental  data.  To  then  prove  the  feasibility  of  this  concept,  a 
six  foot  diameter  Froude-scaled  bearingless  intelligent  rotor  model  is  being 
built  in  house  using  modem  composite  technology.  The  model  rotor  will  be 
systematically  tested  at  th®  University  of  Maryland  in  a  vibration  laboratory,  a 
10  foot  diameter  vacuum  chamber,  a  hover  stand,  and  finally  in  the  Glenn  L. 
Martin  Wind  Tunnel.  The  fabrication,  testing,  and  analysis  procedures 
proposed  for  this  research  effort  are  outlined  below.  This  work  will  be  an 
important  step  towards  demonstrating  the  feasibility  of  the  intelligent  rotor 
concept,  a  concept  which  may  revolutionize  future  rotor  designs. 

Recently,  there  has  been  an  increa.sed  emphasis  on  research  activities 
in  the  area  of  smart  structures.  Much  of  this  work  has  focused  on  the 
application  of  piezoelectric  technology  to  space  related  activities,  such  as  the 
control  of  large  space  structures  (Refs.  1-2).  S^me  of  the  initial  work  in 
applying  this  emerging  technology  to  the  rotor  has  been  pioneered  at 
Maryland  by  Barrett  (Ref.  3).  Using  a  '^^imple  feedback  system,  it  was 
demonstrated  that  the  forced  flap  vibration  of  a  rotating  blade  in  a  vacuum 
could  be  significantly  reduced.  The  objective  of  the  proposed  research  will  be 
to  expand  on  this  initial  work  by  developing  a  higher  harmonic  control 
system  for  vibration  reduction  based  on  piezoelectric  technology  and 
incorpo.ating  an  active  feedback  control  system.  The  use  of  HHC  systems  to 
suppress  helicopter  vibration  is  not  new  and  in  fact  has  been  widely 
investigated  (Refs.  4-5).  The  most  common  system  involves  blade  pitch 
control  through  excitation  of  the  swash  plate  wifh  servo-actuators.  This 
action  results  in  the  generation  of  new  unsteady  aerodynamic  forces  which  in 
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mm  suppress  vibration.  Although  this  method  has  been  proven  to  be  quite 
effective,  a  number  of  significant  drawbacks  do  exist.  The  power  requirements 
needed  to  drive  the  servo-actuators  can  be  substantial,  particularly  at  extreme 
flight  conditions  where  vibration  becomes  most  pronounced  (Refs.  6-7).  In 
addition,  current  systems  are  limited  to  blade  root  control  for  both  the  multi- 
blade  and  individual  blade  control  systems.  However,  with  the  application  of 
piezoelectric  technology,  these  seemingly  inherent  limitations  may  be 
overcome. 

For  the  fabrication  of  the  model  blades,  rigid  foam  is  cut  to  the  desired 
airfoil  shape,  joined  with  a  glass-epoxy  spar,  and  covered  with  a  fiber-glass 
skin.  The  complete  blade  assembly  is  then  installed  in  a  numerically 
machined  aluminum  mold  having  a  NACA  0012  airfoil  section  and  cured  in 
an  autoclave.  Tantalum  masses  are  placed  in  the  foam  at  various  locations  in 
order  to  achieve  the  desired  eg  locations.  Specially  cut  piezoelectric  crystals  are 
embedded  in  certain  directions  along  the  blade  spar.  These  crystals  are  used  as 
both  sensors  and  actuators.  To  achieve  appreciable  signals  or  actuation  forces, 
a  large  number  of  crystal  banks  are  embedded  in  the  blade  at  several  locations. 
Also,  the  structural  couplings  associated  with  various  composite  layups,  such 
as  bending-twisting  and  extension-twisting,  will  be  exploited  in  order  to 
magnify  the  actuation  strains.  Such  couplings  are  achievable  with  symmetric 
and  antisymmetric  ply  layups,  respectively  (Ref.  8). 

After  the  fabrication  is  completed,  static  and  dynamic  tests  will  be 
performed  on  the  individual  flexbeams,  torque  tubes,  and  blades  in  order  to 
determine  their  stiffness  and  inerticil  properties.  Considerable  effort  will  be 
expended  to  ensure  that  the  properties  of  each  blade  assembly  are  as  nearly 
identical  as  possible.  Where  ever  possible,  comparison  with  known  properties 
will  be  made  in  order  to  assess  the  accuracy  of  the  experimental  proc^ures. 
These  experimentally  determined  properties  will  also  be  used  as  input  data 
for  theoretical  analyses. 

A  10  foot  diameter  vacuum  chamber  facility,  located  at  the  Uiuversity 
of  Marylcmd,  will  be  used  to  determine  the  dyniimic  chciracteristics  of  the 
model  blades  in  a  rotating  environment.  Signals  acquired  in  the  rotating 
frame  will  be  transmitted  to  the  fixed  frame  via  a  100  channel  slip  ring.  This 
type  of  facility  is  useful  since  aerodynamic  forces  are  not  present.  Blade 
natural  modes  will  be  identified  by  exciting  piezoelectric  crystals  with  a 
function-generator  and  measuring  the  response  with  piezoelectric  sensors.  A 
FFT  analyzer  and  various  other  instrumentation  will  be  used  for  data 
acquisition  and  analysis  (Ref.  9).  In  addition  to  obtaining  vibration 
characteristics,  the  vacuum  chamber  will  be  used  to  aid  in  developing  an 
efficient  piezoelectric  HHC  system  which  is  capable  of  suppressing  vibration. 
Initially,  a  very  simple  feedback  system,  which  uses  piezoelectrics  for  both 
excitation  and  actuation,  will  be  employed  to  suppress  flap  vibration.  Then,  a 
more  advanced  distributed  control  system  will  be  developed  which  will  use 
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crystals,  placed  at  predetermined  locations  along  the  blade,  to  identify  and 
suppress  vibration.  The  system  proposed  for  this  research  will  use  a  selected 
number  of  crystals  to  excite  the  blades  at  higher  harmonics  of  the  rotational 
speed.  Additional  crystals  will  then  be  used  as  sensors  in  order  to  measure  the 
level  of  vibration  present  at  various  blade  stations.  Finally,  the  remaining 
crystals  will  be  used  as  actuators  to  absorb  the  vibration.  Thus,  the  vibration 
will  be  suppressed  at  its  source  through  the  use  of  an  active  feedback  control 
system.  A  hover  stand,  which  is  located  immediately  adjacent  to  the  vacuum 
chamber,  will  be  used  to  evaluate  the  feedback  system  in  an  aerodynamic 
environment  and  may  be  used  to  investigate  the  stability  of  the  rotor  in 
hover. 


The  vacuum  chamber/hover  stand  can  be  used  for  preliminary  design 
of  the  piezoelectric  system  and  to  verify  its  operation.  However,  the  final 
design  or  fine  tuning  of  the  HHC  system  must  be  performed  in  a  wind  tunnel 
under  forward  flight  conditions.  It  is  under  such  conditions  that  vibratory 
excitation  of  the  blades  occurs  due  to  the  unsteady  aerodynamic  forces 
assoda^ed  with  forward  flight.  The  rotor  model  will  be  tested  in  the  Glenn  L. 
Martin  Wind  Tunnel  using  our  bearingless  rotor  rig  (Ref.  10).  This  tunnel  is 
capable  of  a  maximum  speed  of  230  mph  in  the  8  by  11  foot  test  section.  The 
goal  of  this  stage  of  the  proposed  research  will  be  to  examine  the  functioning 
of  a  higher  harmonic  control  system  based  on  piezoelectric  technology  in  a 
realistic  aerodynamic  environment.  Some  crystals  will  be  used  to  sense 
vibration  while  others  will  be  used  to  excite  the  blade  at  various  stations.  This 
will  result  in  a  time  varying  radial  distribution  of  blade  twist  or  effective 
camber  thereby  creating  new  unsteady  aerodynamic  forces  which  may 
suppress  vibration.  Since  excitation  is  not  limited  to  root  control,  this  may 
yield  significant  improvements  in  performance  and  efficiency  over  existing 
HHC  systems. 

Along  with  the  experimental  work  outlined  above,  a  parallel  and 
complimentary  analytical  analysis  is  undertaken.  A  comprehensive  rotorcraft 
code  (UMARC)  has  recently  been  developed  at  the  University  of  Maryland 
(Ref.  11).  Within  UMARC,  rotor  blades  are  represented  as  elastic  beams 
undergoing  flap  and  lag  bending,  elastic  twist  and  axial  extension.  The 
resulting  equations  of  motion  are  discretized  by  using  a  finite  element 
method  in  space  and  time.  A  number  of  blade  aerodynamic  options  are 
available  including  simple  quasisteady  aerodynamics,  unsteady  attached  flow, 
and  unsteady  separated  flow.  Wake  cmalyses  range  from  simple  inflow 
models  all  the  way  to  a  complex  free  wake  analysis.  The  code  has  the 
capability  to  perform  a  dynamic  analysis  of  bearingless  rotors  in  both  hover 
and  forward  flight.  NASA  Ames  is  currently  upgrading  the  code  in  order  to 
simulate  higher  harmonic  control  of  helicopter  vibration.  The  powerful 
capabilities  of  this  comprehensive  code  will  be  used  throughout  the  course  of 
the  proposed  research.  In  addition,  an  analytical  model  of  the  piezoelectric 
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system  will  be  incorporated  into  UMARC  and  validated  against  the 
experimental  results. 

Finally,  a  study  is  being  made  to  examine  the  feasibility  of 
implementing  the  intelligent  rotor  concept  on  a  full  scale  rotor.  This  is  being 
performed  in  collaboration  with  Ames  Research  Center  scientists,  to 
investigated  the  implementation  of  a  piezoelectric  HHC  system  on  a  fidl  scale 
rotor  for  testing  in  the  Ames  40  by  80  foot  tunnel.  This  project  may  be 
incorporated  into  the  active  rotor  control  program  currently  existing  at 
NASA  Ames  which  involves  HHC/IBC  testing  of  several  different  rotor 
systems.  It  is  hoped  that  the  research  effort  proposed  here  will  provide  an 
important  step  towards  determining  whether  such  systems  are  practical  and 
indeed  possible  for  routine  use  in  the  future. 
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Design,  modeling,  analysis,  and  tests  of  sensors  and  actuators  utilized  in  a 
mission  adaptive  wing 


Charlie  D.  Turner 


Nichols  Research  Corporation,  4040  So.  Memorial  Pky,  Huntsville,  Alabama  35802 

ABSTRACT:  This  paper  presents  the  design  development  of  a  combined  set  of 
sensors  and  actuators  that  provides  for  health  monitoring  and  static/dynamic 
control  for  a  mission  adaptive  wing.  The  mission  adaptive  wing  employes  both 
conventional  aerodynamic  control  surfaces  and  internal  actuators  to  provide  for 
static  and  dynamic  control/load  distribution.  The  primary  focus  of  the  paper  is  the 
dual  distributed  segmented  sensors  that  are  employed  for  both  health  monitoring 
and  static  shape  control  along  with  the  segmented  distributed  actuators  that  are 
used  for  both  dynamic  and  static  control. 


1.  INTRODUCTION 

Much  of  the  growing  technology  base  in  active  materials  and  adaptive  structures  is 
due  to  the  requirements  that  were  established  by  the  need  for  precision  control  of 
large  space  structures,  but  the  h.ghly  distributed  sensor/actuator/control  concepts 
have  also  found  applications  within  the  surface  ship,  submersible,  building,  optics, 
aircraft,  and  helicopter  communities.  In  order  for  the  next  generation  of  advanced 
structures  to  meet  more  demanding  performance  requirements,  advances  in  critical 
technology  areas  are  needed.  These  areas  include  dynamics  and  control  of 
structures;  system  identification  and  health  monitoring:  computation  control 
hardware  and  software;  design,  modeling,  and  analysis  of  advanced  structures;  and 
adaptive  structures.  In  order  to  insure  that  the  needed  advances  are  made  Nichols 
Research  Corporation  is  developing  a  series  of  Controls  Structures  Interaction  (CSI) 
Testbeds.  The  advanced  wing  concept  and  large  space  structures  testbeds  are 
being  developed  in  parallel.  This  paper  presents  the  advanced  wing  concept  CSI 
testbed. 
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The  early  combat  aircraft  designers  were  faced  by  conflicting  requirements  for  a 
stable,  but  highly  maneuverable  aircraft.  The  response  time  of  the  aircraft  is  related 
directly  to  the  static  stability,  inertia  and  control  moments.  These  are  fixed  by  size, 
loading,  center  of  pressure  (CP), center  of  gravity  (CG),  and  the  control  surface 
size/deflection  for  the  aircraft.  The  CP  and  CG  may  vary  greatly  for  a  given  aircraft 
mission  or  during  the  mission  as  fuel  is  used,  but  would  be  considered  fixed  during 
a  maneuver.  The  use  of  fly-by-wire  computer  confroled  aircraft  such  as  the  F-16 
and  F-1 8  has  added  a  totally  new  dimension  to  the  design  concept. 

By  using  a  computer  to  control  the  aircraft,  the  designer  may  now  develop  an 
aircraft  that  is  statically  unstable;  then  use  the  flight  computer  to  provide  the 
necessary  flight  stability.  By  designing  combat  aircraft  in  this  manner,  maximum 
aerodynamic  performance  can  be  achieved  from  the  airframe  while  providing  the 
pilot  with  a  "stable"  aircraft  to  fly.  The  use  of  the  flight  computer  has  now  been 
expanded  to  include  gust  load  alleviation,  vibration  suppression,  and  adaptive 
control  of  wing./store  flutter  as  presented  by  Flarvey  et  al  (1979).  In  each  case  the 
control  system  has  been  expanded  to  include  additional  sensors,  but  control  forces 
are  still  provided  by  the  currently  available  aerodynamic  control  surfaces. 

By  taking  full  advantage  of  distributed  sensor/actuator/control  concepts  future 
generations  of  aircraft  will  be  able  to  utilize  a  combination  of  aerodynamic  controls 
and  distributed  internal  actuators.  Each  of  the  internal  distributed  actuator/sensor 
pairs  must  be  controlled  by  the  flight  computer  for  shape  control,  but  also  must 
respond  quickly  for  acoustic  or  dynamic  control.  To  provide  the  quick  response 
time,  a  neural  network  computer  may  be  used  to  control  the  distributed  actuators 
as  described  by  Turner  (1991a).  Communication  between  the  flight  computer  and 
the  neural  network  will  provide  for  real  time  wing  shape/load  distribution  control.  In 
addition  the  distributed  sensors  associated  with  each  actuator  will  provide  a  means 
of  determining  in  real  time  airframe  "health”  such  as  a  result  of  battle  damage  and 
then  allow  the  flight  computer  to  adjust  airframe  loading  to  prevent  further  damage 
and/or  loss  of  the  aircraft.  The  NRC  Testbed  based  on  a  set  of  aero-servo-e'astic 
scaled  wings  will  be  used  to  address  CSI,  "health",  and  scaling  issues. 
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2  CSI  TESTBED 

As  shown  in  Figure  1  the  NRC  Advanced  Wing  Concept  Testbed  is  composed  of 
four  aero-servo-elastic  models.  The  first  of  the  models.  Figure  1  (a),  is  composed  of 
one  full  scale  model  and  two  subscale 
models.  Both  the  full  scale  model  and 
the  two  subscale  models  are  foam 
filled  composite  construction  having 
two  internal  spars  -  a  primary  and 
secondary  member  allowing  for  both 
Lending  and  torsion  coritrcl  of  the 
wing.  The  models  have  been  designed 
for  testing  in  the  same  wind  tunnel  at 
the  same  test  conditions  obtaining  the 
same  maximum  strain/stress  in  the 
spar  caps.  Each  spar  is  an  active 
beam  containing  eight  sensors  and 
sixteen  act  rators.  This  approach  has 
resulted  in  six  different  active  beam 
that  will  be  used  in  studying  scaling  of 
piezo  effects;  structure,  sensor,  and 
actuator  boundary  effects;  and  internal 
damping  effects.  This  design  can  take 
advantage  of  shear  damping,  but  Kim 
efa/(l990)  demonstrated  that  the  figure  1 .  CSI  Testbed  Models 

effective  bending  moment  decreases 

with  increasing  damping  and  therefore  will  require  optimization  of  the  beam, sensor, 
actuator  design.  The  internal  damping  will  be  much  more  important  for  space 
structures  than  for  aircraft  structures  which  can  take  advantage  of  aerodynamic 
damping.  Details  of  the  active  beam  design  is  given  in  the  following  section.  The 
fourth  model  which  is  in  preliminary  design.  Figure  1(b)  is  also  of  foam  filled 
composite  but  with  three  internal  spar.  One  spar  is  being  designed  with  an  internal 
structural  disconnect  for  modeling  in  flight  damage  thus  allowing  for  real  time  wind 
tunnel  "health"  mcnitormg  and  active  control  response. 


tmd  Ailiiplixf  Sunt  tun  s 


3.  SENSOR/ACTUATOR  BEAM  DESIGN 

Each  beam  to  be  used  in  the  aero-servo-elastic  models  will  contain  eight  sensors 
and  sixteen  actuators  distributed  across  four  regions  o<  each  beam.  Each  region 
will  contain  two  two  sensors  located  on  the  top 

and  bottom  of  the  beam  and  four  actuators  i - 

located  internal  to  the  beam  as  shown  in  Figure  ' - 

2.  The  actuators  were  embedded  in  the  beam  f  | 

as  a  means  of  improving  the  passive  damping  , _ : _ ^ 

performance  which  will  be  critical  for  large  j  j 

space  structures.  No  attempt  was  made  at  this  I  i . .  . ..  | 

time  to  optimize  the  active/passive  performance  ^ _ _ _ 

of  the  actuators  by  either  sizing  or  placement.  [ _ : 

Once  the  scaling  boundary  effects  are  i - 1 

determined  then  the  beams  used  in  the  fourth  ! -  -  -  ■ 

model  will  be  optimized  for  active  control  and  _ _ 

passive  damping. 

Figure  2.  Spar  Cross  Section 

4.  SUMMARY 

The  design  of  the  four  foot  aero-servo-elastic  model  has  been  completed. 
Problems  with  a  new  material  used  in  bounding  of  the  sensors/actuators  have 
delayed  assembling  tne  two  spars  for  this  model.  Extensive  dynamic  testing  is 
planned  for  the  two  spars  prior  to  assembling  the  first  aero-servo-elastic  model. 
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A  compliant  wing  section  for  adapti>e  control  surfaces 


B.J.  Maclean,  B.F.  Carpenter,  J.L,  Draper,  and  M.S.  Misra 

Martin  Marietta  Defense  Space  and  (’ommunications  Group,  Denver,  CO  80201 

ABSTRACT:  Shape  memory  alloy  wires  can  be  utilized  as  embedded  actuator 
elements  in  a  compliant  wing  section  to  generate  the  foil  curvature  changes  necessary 
for  attitude  control  or  adaptive  lilting.  A  "flex-biased”  winglet  section  with  chord-to- 
thickness  ratio  of  twelve  was  developed  for  evaluation  of  tip  displacement,  power 
requirements  and  dynamic  response  in  air  and  water.  A  closed-loop  control  approach, 
ba.sed  on  positional  sensor  feedback,  was  utilized  to  demonstrate  foil  shape  '’ability 
under  adverse  static  and  ambient  loading  conditions. 


I.  INTRODUCTION 

Shape  memory  alloys  (SMAs)  utilize  a  reversible  crystalline  phase  transformation  to 
recover  their  original  heat-treated  shape  when  heated  above  a  critical  transformation 
temperature  range  (recoverable  strain  can  be  as  high  as  8%)  or  to  generate  recovery  .stresses 
(as  high  as  1(X)  ksi).  More  detailed  de.scriptions  of  the  shape  memory  effect  can  be  found  in 
the  works  of  Jackson  et  al  (1972),  Miyazaki  el  al  (1989)  and  Perkins  (1975),  S.MA  wire 
“tendons"  can  be  u.sed  as  embedded  actuator  elements  to  control  the  level  of  facesheet  strain 
in  adaptive  structural  components  which  utilize  sandwich  panel  construction.  As  facesheet 
strain  is  varied,  the  degree  of  curvature  and  magnitude  of  tip  deflection  of  a  panel  section 
can  be  controlled.  Figure  1  shows  the  results  of  a  finite  element  model  used  to  analyze  this 
approacti  uii  a  winglet  wedge  section  with  chord  to  thickness  ratio  of  12.  The  upper 
facesheet  was  modeled  as  a  conventional  composite  laminate  with  varying  degrees  of  strain 
imposed  on  the  active  facesheet  on  the  bottom  side  of  the  winglet.  Tip  deflection  on  the 
order  of  40%  chord  was  predicted  for  4%  facesheet  strain  (operational  strain  for  a  high 
lifecycle  SMA  would  be  necessarily  limited  to  less  than  3%).  The  fact  that  large 
deformation  is  possible  in  a  fully  elastic  manner,  the  winglet  is  said  to  be  "compliant". 

Electrical  resistance  heating  of  the  SMA  wires  can  be  used  to  control  facesheet  contraction 
via  a  displacement  sensor  feedback  loop.  However,  one  of  the  primtiry  issues  regarding 
utility  of  SMAs  as  actuator  elements  for  compliant  lifting  surface  applications  is  the 
intrinsic  design  trade  between  response  rate  and  electrical  power  requirements,  as  discussed 
in  the  next  .section.  The  purpo.se  of  this  work  was  to  demonstrate  the  ability  to  control  the 
shape  of  a  winglet  panel  section  and  evaluate  its  heating  and  cooling  performance  under 
varying  ambient  and  loading  conditions. 
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2.  APPROACH 

A  1"  wide  by  12"  long  winglet  wedge 
section,  1"  thick  at  the  root,  was  fabricated 
utilizing  a  0.1 2.5"  thick  fiberglass  epoxy 
laminate  on  the  underside  bonded  to  an 
aluminum  honeycomb  core.  The  top 
facesheet  was  pre-fabricated  with  tunnel 
holes  for  the  SMA  elements  using  an 
elastomeric  thermoplastic  materia!  with 
elastic  modulus  of  30  ksi  and  elastic  limit  of 
>30'T.  The  sheet  was  subsequently  bonded 
to  the  upper  side  of  the  honeycomb  core 
using  a  silicone  rubber-bttsed  adhesive. 

NiTi-lOflfCu  SMA  wires  (0.020"  in  diameter  with  a  nominal  austenitic  finish  temperature 
of  5{)°C)  were  procured  from  a  vendor  and  then  annealed  for  20  minutes  at  9(X)°F.  A  wire 
"conditioning"  procedure  was  then  employed  to  develop  a  "two-way  memory"  effect  by 
isothermally  straining  12"  long  bundles  of  wires  at  70°C  over  a  range  of  4%  strain  at  !  Hz 
for  a  total  of  KKX)  cycles.  This  process  prtxluced  a  spontaneous  elongation  of  2.1  “T  upon 
cooling  down  from  the  cycling  temperature,  with  zero  applied  stress.  This  process  of 
isothermal  cycling  and  associated  two-way  memory  is  an  important  facet  of  SMA 
development  as  described  by  Johnson  (197X)  and  Proft  et  al.  The  conditioned  wires  were 
then  cut  to  length  and  inserted  into  the  12  facesheet  tunnel  holes  in  the  1"  wide  facesheet. 

Electrical  circuit  plates  were  then  fabricated  to  create  three  parallel  circuits  of  four  wire 
lengths  each  to  produce  a  favorable  electrical  resistance  of  2.2Q.  Next,  the  SMA  wires 
were  pre-strained  to  approximately  dff  (relative  to  their  length  at  temperatures  above  50°C) 
and  "terminated"  by  melting  the  ends,  using  an  arc  welder,  to  produce  a  =0.04"  diameter 
"ball".  These  balls  provide  the  mechanical  stop  to  pull  against  during  contraction,  as  well 
as  the  electrical  contact  with  the  circuit  plates. 

An  important  point  to  be  matle  regarding  the  design  of  the  winglet  is  its  ability  to  balance 
externally  applied  loads.  With  12  each  0.020"  diameter  wires  contracting  with  a  potential  of 
6.5  ksi  operational  recovery  stress  (=  245  lbs.  total  contraction  force  potential),  against  a 
facesheet  stiffness  of  150  lbs. /in,  47c  wire  recovery  corresponds  to  only  72  lbs.  of  wire 
tension,  leaving  a  wire  operating  margin  of  173  lbs.  This  means  that  with  a  lever  arm  of 
1 2: 1 ,  the  1 .0“  wide  winglet  is  capable  of  lifting  almost  15  lbs.  at  its  tip. 

A  closed-loop,  displacement  sensor  feedback  approach  (Figure  2)  was  utilized  to  evaluate 
winglet  performance  using  operational  amplifiers  for  monitoring  current  and  voltage  into 
the  active  SMA  elements.  A  proportional/integral/differeniial  (PID)  control  law  provided 
the  ability  to  supply  electrical  power  to  the  SMA  wires  based  on  sensed  displacement  error. 

The  bandwidth  for  shape  control  of  an  adaptive  sandwich  panel  is  dependent  on  the  rate  of 
heat  transfer  in  and  out  of  the  SMA  wires.  This,  in  turn,  is  a  function  of  transient  effects 
between  the  facesheet  material  and  the  SMA  wires,  as  well  as  the  rate  of  cooling  of  the 
facesheet  to  ambient  conditions.  Bandwidth  improves  with  enhanced  cooling  of  the 
facesheet  but  enhanced  ccxding  requires  greater  power  levels  to  maintain  w  ire  temperature 


Figure  1  Wing  Section  Deformation  as  a 
Function  of  Lower  Facesheet  Strain 
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for  a  given  command  position.  The  winglet  could  be  cycled  through  most  of  its  range  of 
motion  at  about  0.1  Hz  in  air.  This  bandwidth  response  was  improved  by  a  factor  of  5  to  10 
by  placing  the  winglet  in  water,  albeit  with  the  as.six;iated  increase  in  required  power  to  hold 
any  particular  position. 


TOPVIEW 

Figure  2  Schematic  of  closed-loop,  displacement  sensor  feedback  approach. 
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Two  series  of  tests  were  pertomied;  the  first  test  senes  measured  the  power  necessary  to 
hold  the  wing  section  at  a  commanded  defiection.  and  the  second  test  series  determined 
deflection  rate  versus  power. 

Powcr-io-Hold  Testing  --  TTie  testing  conducted  to  detemiine  the  power  required  to  hold  the 
winglet  tip  at  a  certain  position  was  accomplished  through  use  of  LVDT  signal  feedback.  A 
control  algorithm  was  developed  to  accept  a  command  input  and  calculate  the  difference 
between  LVDT  and  command  signals.  This  difference  represents  an  error  signal  which  is 


further  mexJified  and  ultimately  controls  the 
embedded  in  the  winglet.  Figure  3  show*^ 
power  as  a  function  of  tip  displacement. 
The  high  thermal  conductivity  of  the  water 
cau.ses  a  substantial  increa.se  in  the  quantity 
of  power  required  to  hold  the  winglet  tip  at  a 
specified  position,  as  compared  to  the  air 
environment.  Tip  deflections  up  to  1.3 
inches  were  obtained  using  80  watts. 
Dividing  applied  power  by  the  twelve  each, 
one  foot  lengths  of  shape  memory  wire 
embedded  in  the  winglet  gives  seven  watts 
dissipated  per  foot  of  0.020  inch  diameter 
NiTi-Cu  wire  (with  60°C  transformation 
temperature). 


I'ower  supplied  to  shape  memory  elements 


Figure  3  Power  as  a  Function  of  Winglet  Tip 
Deflection 
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Deflection  Rate  Testing  -  The  tip  deflection  rate  as  a  function  of  applied  power  was  also 
investigated.  Tlie  LVDT  output  as  a  function  of  time  for  a  stepped  power  input  of  400  watts 
is  given  in  Figure  4.  Deflection  rate  is  nearly  constant  at  0.5  in/sec  up  to  a  tip  deflection  of 
1.75  in.  (3.7  Volts  LVDT  output).  Upon  termination  of  the  power  input,  cooling  of  the 
shape  memory  wires  causes  the  tip  of  the  winglei  to  return  to  its  neutral  position. 
Approximately  60  percent  of  deflection  is  recovered  at  a  constant  rate  of  0.9  in/sec.  The 
remaining  deflection  is  recovered  at  a  steadily  decreasing  rate.  Deflection  rates  were 
determined  from  tests  at  various  power  levels  to  generate  tip  deflection  rate  versus  applied 
power  shown  in  Figure  5.  Measurements  were  limited  due  to  the  source's  inability  to 
supply  power  in  excess  of  4(K)  watts.  However,  as  shown  by  the  curve  in  Figure  5,  the  data 
does  suggest  a  limit  on  the  maximum  achievable  dellection  rate.  Rates  of  0.5  inch/second 
were  achieved  at  4(K)  watts  (35  svatts  per  ftxit  of  0.020  inch  diameter  wire). 
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Figure  4  Flex  Biased  Wing  let  Tip 
Displacement  as  a  Function  of  Time 


Figure  5  Tip  Deflection  a'  increasing 
Power  Levels 


4.  CONCLUSIONS 

This  work  demonstrates  the  ability  to  control  the  unifomi  deformation  of  a  sandwich  panel 
winglet  section  using  embedded  shape  memory  actuator  elements  and  implementing  a 
control  approach  based  on  pos-  null  sensor  feedback.  Because  this  approach  is  employed 
to  maintain  a  certain  wing  "sluipc".  variations  in  applied  loads  and  ambient  conditions 
(changes  in  air  or  water  temperature,  or  convective  heat  losses)  can  be  compensated  within 
the  dynamic  response  capability  of  the  system.  Advanced  adaptive  foil  designs  can  be 
envisioned,  based  on  this  approach,  where  control  of  di.screte  actuator/sensor  segments 
across  the  chord  provide  the  ability  to  fine  tune  airfoil  camber  to  minimize  drag  and  flow 
separation  over  a  broad  range  of  peed  and  angle  of  attack. 
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The  ,n*[.  phase  B  testbed  facilit> 


Darnel  li.  Illdred  .jid  Michael  C.  O'Neal 

.lei  I'ri'puKioii  Laboratory,  California  Institute  of 'I'eehnoloey,  I’as.ideiia.  CA 

.•\'".[rae!:  This  paper  describes  an  experimental  f.ietliiv  heme  developed  at  Jet 
1‘iopulsion  Laboratory  for  denionsiration  and  \  alidation  -if  ei'nirol  concepts  arising  out 
of  N  ASA  s  Control  Structure  Interaction  |irograni.  The  taciliiv  meant  to  be  a  ground 
lesibed  vv  ith  relevance  to  a  broavl  class  of  future  precoion  optical  >pace  systems.  The 
I'bject'.ve  of  the  experimental  program  is  to  invesiigat,-  a  nuili!  Liver  control  approach  to 
the  maintenance  of  nanometer-level  optical  pathlengih  ''i.,'inl:iv  in  the  presence  vd' 
external  disturb. inces  anil  multiple  structural  resonancev. 


1.  IM'RODLCTION 

The  development  of  future  ^pace  and  lunar-based  astronomical  instruments  such  as 
telescopes  and  optical  interferometers  vvill  require  major  tidva.nces  in  the  control,  alignment, 
tind  pointing  of  distributed  optical  svsiems  mounted  on  large  flexible  sp.ice  structures.  For 
cxamiile,  a  feasibility  study  perforrned  at  the  Jet  Propulsion  Laboratory  (JPL)  of  a  space- 
based  optical  interferometer  called  the  Focus  .Mission  Interferometer  (F.MI)  showed  that  a 
combination  of  disturbance  isolation,  active  and  passive  structural  vibration  suppression, 
and  active  optical  pathlength  compenstiiion  would  be  required  in  order  for  the 
interferometer  to  function  at  full  effectiveness. 

No  single  layer  of  this  multi-layer  architecture  would  be  sufficient,  by  itself,  to  ensure 
success  of  ;i  system  where  micron-level  open  loop  response  needs  to  be  quieted  to  the 
nanometer  regime  to  meet  the  '■trict  optical  tolerances.  In  order  to  investigate  the  proper 
blending  and  interactions  between  the  layers  in  this  architecture  at  the  nanometer  level.  JPL 
has  constructed  an  experimental  ground  testbed,  the  "Pliase  B  Testbed."  as  part  of  its 
ongoing  effort  in  the  NA.SA-wide  Control  Structures  Interaction  (CSI)  program.  'Fhe 
f’hase  B  Lestbed  is  part  of  an  evolulionarx’  chain  of  testbeds  at  JPL, 

'Hie  configuration  of  the  Phase  B  Testbed  consists  of  a  scaled  subset  of  the  FMI,  and  it 
exhibits  many  of  the  same  problems  as  the  actual  instrument  but  is  much  simpler  and  more 
manageable  in  a  laboratory  environment.  This  is  an  important  consideration  in  order  for  the 
'Lestbed  to  be  successfully  constructed  and  brought  into  working  order  within  the 
budgetary  and  manpower  constraints  imposed  on  the  p-rogram.  Components  of  the  Phase 
fj  Testbed  include:  a  structure  vvith  multiple  resonances  within  the  bandwidtli  of  interest; 
an  optical  ptith  which  is  c  -rrelatcd  with  structural  motion;  sensors  and  actuators  for 
isolating  the  disturbances,  suppressing  stnictural  vibrations,  and  compensating  the  optical 
pathlength;  and  real-time  computers  for  implementation  of  the  control  algorithms  and 
recording  the  results. 

'  mu:  top  PiiMiC!,:;,'  I  !,! 
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An  important  aspect  of  the  CSI  program  is  the  integrated  development  environment  that  is 
ass(x;iaied  with  the  development  of  the  CSI  methodology.  In  particular,  since  one  of  the 
CSI  objectives  is  to  design  stnictures  and  control  systems  simultaneously,  it  w'as  deemed 
important  that  the  structural  analysts  and  the  control  analysis  work  closely  together  so  that 
engineers  i  one  discipline  have  an  appreciation  of  the  demands  of  the  other,  if  not  the 
analytical  .-.Kills.  Towards  this  aim,  the  offices  of  the  CSI  design  team  at  JPL  were 
coiitxtate','  and  cross-disciplina.'7  training  has  been  strongly  enc.niraged.  In  further  support 
of  this,  nearly  all  analysts'  computers  have  been  linked  together  on  a  local  network.  As 
evidence  of  the  success  of  this  interdisciplinary  cross-training,  structural  analysts  have 
designed  and  implemenied  working  controllers,  and  control  analysts  have  modeled  the 
structures  together  with  their  controllers  and  performed  structural  identification  on  the 
Phase  B  Testbed. 

2.  TiiSTBED  .STRUCTURE 

The  structure  comprising  the  Phase  B  Testbed  (Fig.  I)  consists  of  a  2.5  m  vertical  tower 
w  ith  two  horizontal  arms  attached  to  its  top  and  oriented  perpendicular  to  one  another.  The 
structure  is  constructed  from  1. 27  cm  diameter  aluminum  tubes.  Together  with  stainless 
steel  end  fittings  threaded  into  the  tubing,  the  tubes  are  bolted  to  aluminum  nodes  which 
have  multiple  holes  drilled  in  them  at  different  angles  to  allow  assembly  in  a  variety  of 
geometries.  The  end  fittings  are  designed  such  that  an  individual  strut  can  be  removed  and 
replaced  without  any  other  disassembly  or  disturbance  to  the  structure,  and  furthermore 
they  can  be  adjusted  to  compensate  for  slight  length  variations  in  tiie  tubes.  In  all,  the 
Testbed  is  comprised  of  1 86  aluminum  tubes  and  60  ncxles. 

.V  TESTBED  OPTICS 

A  two-stage  compensation 
system  is  used  to  provide 
precise,  high  bandwidth  control 
of  tne  optical  light  pathlength. 

This  system  consists  of  a 
"trolley"  containing  primary  and 
secondary  reflectors,  coupled 
via  Bendix  flexures  and  lever 
anns  to  a  rigid  base.  The  optical 
elements  arc  configured  as  a 
cat's  eye  retrorctlector,  which 
reflects  outgoing  light  pttrallel  to 
the  incident  direction,  though 
translated  in  position.  Out  of 
concern  for  thermal  stability  of 
the  trolley,  critical  components 
are  constructed  from  Invar,  an  alloy  which  exhibits  extremely  low  themial  expansion.  The 
system  is  virtually  identical  to  one  currently  being  used  in  a  ground-based  stellar 
interferometer  to  equalize  the  optictil  pathlengths  along  two  .septirated  optical  trains  such  that 
white  light  interferometry  can  be  performed. 

The  coarse  stage  of  optical  compensation  consists  of  moving  the  entire  trolley  relative  to  its 
base  via  a  voice  coil  actuator  driven  by  a  current  amplifier.  Maximum  output  of  this 
actuator  is  about  62  N  over  a  stroke  of  about  6  mm,  with  approximately  1(X)  1  Iz  bandwidth 
possible.  The  relative  displacement  between  the  trolley  and  its  base  is  measured  by  an  eddy 
current  sensor.  The  fine  stage  of  compen.sation  is  achieved  with  a  reaciionle.ss  piezoelectric 
actuator  which  controls  the  position  of  the  secondary  mirror.  This  actuator,  which  itself 


Fig.  I.  Phase  B  Testbed  Structure 
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includes  both  a  coarse  and  a  fine  stage,  has  a  resolution  of  better  than  1  ntn  over  a  30 
micron  range  and  potentially  has  a  bandwidth  as  high  as  10  kHz,  though  the  amplifier  this 
actuator  uses  limits  the  actual  bandwidth  to  about  1  kHz  in  practice. 

A  heterodyne  laser  interferometer  manufactured  by  Hewlett  Packard  is  used  to  measure 
optical  pathlength,  both  to  provide  input  for  control  algorithms  and  to  verify  their 
performance.  Resolution  of  the  interferometer  is  2.5  nm;  however,  since  the  laser  light 
makes  four  passes  through  the  optical  system,  the  re.solution  in  terms  of  relative  spacing  of 
optical  components  is  actually  better  than  1  nm.  The  optical  elements  associated  with  the 
interferometer  are  mounted  on  a  small  optical  bench  atop  a  separate,  rigidly  constructed 
tower.  The  optics  on  the  structure  and  on  the  tower  can  be  easily  modified,  if  desired,  to 
change  the  degree  of  structural  coupling  with  optical  pathlength. 

4.  OTHER  SENSORS  AND  ACTUATORS 

Active  struts,  which  employ  piezoelectric  elements  to  control  their  lengths,  can  be 
substituted  for  the  aluminum  tubes  virtually  anywhere  on  the  stnicture,  and  can  be  used  in 
active  feedback  schemes  to  suppress  stnictural  vibrations.  These  struts  akso  employ  eddy 
current  sensors  to  measure  elongation  and  load  cells  to  monitor  applied  load.  D-struts 
manufactured  by  Honeywell,  which  employ  a  viscous  fluid  to  achieve  a  desired  level  of 
passive  damping,  can  also  be  substituted.  In  addition,  both  piezoelectric  and  force- 
rebalance  accelerometers  can  be  mounted  virtually  anywhere  on  the  structure. 

5.  DISTURBANCE  INPUTS 

Disturbances  to  the  Phase  B  Testbed  can  be  input  via  shakers  attached  to  ntxles  of  the 
structure.  A  shaker  is  essentially  a  proof-mass  actuator  suspended  from  a  cable  attached  to 
a  hanging  fixture.  The  force  output  to  the  structure  is  recorded  with  a  lotid  cell  attached  in 
series  with  the  load  path.  Attachment  to  the  nodes  is  via  a  slender  rod  which  transmits 
primarily  longitudinal  force  due  to  compliance  in  other  directions  and  which  will  break 
under  excess  loading  to  protect  the  structure  against  renegade  shaker  commands.  The 
shakers  can  be  excited  with  vinually  any  disturbance  profile,  including  broad-band  and 
narrow-band  white  noise,  to  either  simulate  a  disturbance  source  in  a  stellar  interferometer 
or  to  perform  accurate  modal  identification  with  good  signal  to  noi.se  ratio. 

Ambient  disturbances  result  in  as  much  as  100  microns  motion  in  the  optical  pathlength,  as 
compared  to  the  nanometer  level  control  desired.  Considerable  effort  was  made  to  identify 
the  disturbance  sources,  which  included  seismic  noise  from  local  traffic,  acoustic  and 
turbulent  noise  from  a  large  number  of  equipment  fans  in  the  laboratory  and  air 
conditioning,  and  even  60  and  120  cycle  per  second  acoustic  hum  from  a  nearby 
transformer.  Ambient  vibration  in  the  tower  supporting  the  interferometer  optics  was 
ptuiicularly  trouble.some  because  the  tower  functions  as  the  reference  against  which  optical 
pathlength  is  measured,  and  accordingly  the  tower  was  retrofitted  with  damping  material 
between  all  its  joints  to  reduce  its  vibration  level. 

6.  REAL-TIME  COMPUTERS 

The  Testbed  is  controlled  using  single  board  computers  in  a  VME  chassis.  Included  are 
three  processors  boards  based  on  the  68030  prtKessor,  an  array  processor  based  on  the 
860  processor,  16  bit  analog  to  digital  and  digital  to  analog  conversion,  a  custom  laser 
interferometer  interface  card,  and  a  16  megabyte  memory  card.  The  VxWorks  real  time 
operating  system,  which  features  a  Unix-like  interactive  shell,  is  used  to  nm,  synchronize 
and  debug  control  software.  Performance  of  the  single  board  computers  is  very  high,  with 
control  loops  running  as  rapidly  2  kHz  for  a  40  state  controller  running  on  the  array 


2X8 


■h  live  Materials  anti  AJapthc  Slnu  lurcs 


processor,  to  13  kHz  for  a  simple  piezoelectric  actuator  controller  running  on  one  of  the 
68030  boards. 

Control  algorithms  are  written  in  the  programming  language  C.  General  routines  for 
initializing  the  hardware,  reading  input  data  from  disk  files,  accessing  sensors  and 
actuators,  timing,  and  saving  experiment  experiments  have  been  written  with  the  result  that 
the  analyst  only  need  concentrate  on  the  logic  of  his  control  algorithms  to  implement  it. 
Three  Unix  workstations  are  used  in  the  laboratory  for  program  development  and 
experiment  monitoring:  a  Sun  Sparc,  a  Sun  3/60,  and  a  Masscomp.  GNU's  cross 
compiler  is  used  to  develop  object-compatible  code  for  the  single  board  computers. 

The  real-time  computers  are  linked  to  the  development  workstations  via  ethernet  and 
function  as  hosts  on  JPL's  computer  network.  Thus  the  real-time  computers  are  accessible 
from  any  workstation  connected  to  JPL's  ethernet  network.  This  makes  it  possible  for 
analysts  to  develop  and  debug  their  algorithms  from  their  offices,  and  has  proved  very 
successful.  In  fact,  remote  access  has  been  demonstrated  from  across  the  country.  The 
network  also  makes  virtually  unlimited  disk  storage  space  and  other  resources  available  to 
the  real-time  computers,  and  greatly  facilitates  the  transfer  of  experiment  data  to  analysts 
both  at  JPL  and  at  remote  facilities. 

7.  CONCLUSIONS  AND  FUTURE  WORK 

Experiments  to  date  have  included  structural  vibration  suppression  using  both  active  struts 
and  passive  dampers  and  optical  pathlength  compensation  using  the  trolley  voice  coil  and 
piezoelectric  actuators.  Details  can  be  found  in  the  references.  Future  experiments  will 
combine  these  control  layers  to  achieve  greater  disturbance  rejection  while  the  level  of 
disturbance  is  increased.  In  addition  experiments  demonstrating  disturbance  isolation  will 
be  pertbrmed,  and  a  sptecial  fixture  for  this  purpose  is  currently  being  constructed. 
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Numerical  analysis  of  multiple  frequency  interference  in  photorefractive  media 
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NASA  Langley  Research  Center 
Hampton,  Virginia,  23665-5225 


ABSTRACT:  Photorefractive  crystals  are  materials  which  exhibit 
light  induced  refractive  index  variations.  Because  the  index 
variations  change  with  illumination,  photorefractive  crystals 
provide  the  potential  for  dynamic  recording  of  holographic 
information.  This  paper  describes  the  dynamic  behavior  of  a 
photorefractive  crystal  exposed  to  light  waves  at  multiple 
frequencies.  Results  from  numerical  simulations  demonstrate 
the  effect  of  off-Bragg  diffraction  on  both  the  recording  and 
readout  of  dynamic  holograms.  These  results  are  compared  to 
those  obtained  for  a  static  recording  media,  such  as  photographic 
film,  where  multiple  frequency  holography  has  been  successfully 
used  to  generate  images  with  superimposed  depth  contours. 


1.  INTRODUCTION 

The  photorefractive  effect,  a  change  in  refractive  index  exhibited  by 
certain  crystalline  materials  when  exposed  to  light,  was  discovered 
over  25  years  ago*  and  has  received  much  attention  since  that  time^. 
The  phenomenon  can  be  described  in  simple  terms  as  follows.  An 
optical  power  distribution  in  a  photorefractive  crystal  causes 
migration  of  charge  carriers  in  the  medium.  The  displaced  charge 
carriers  become  trapped  by  acceptor  sites  in  the  crystal  lattice, 
creating  a  nonequilibrium  charge  distribution.  A  static  electric  field  is 
thus  established  in  the  crystal  which,  in  turn,  causes  refractive  index 
variations  to  occur  through  the  electro-optic  effect.  A  phase  hologram 
or  grating  will  be  recorded  in  a  photorefractive  crystal  when  two,  or 
more,  coherent  light  beams  interfere  within  the  crystal.  The  recording 
is  dynamic  in  that,  if  the  volume  containing  the  grating  is 
re-illuminated  with  a  different  interference  pattern,  charges  will 
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again  migrate,  leading  to  erasure  of  the  existing  grating  and  formation 
of  a  new  grating  or  hologram.  It  is  this  dynamic  holographic  recording 
capability  which  makes  photorefractive  crystals  attractive  as  a  sensor 
material. 

A  noncontacting  distributed  sensor  based  <^n  photorefractive  crystals 
has  been  proposed  for  measuring  the  surface  distortions  of  large 
reflectors^.  The  proposed  sensor  relies  on  holographic  reconstruction 
from  interferograms  recorded  at  multiple  frequencies.  In  multiple 
frequency  or  contour  holography,  a  hologram  of  an  object  is  recorded 
at  two  different  optical  frequencies.  The  hologram  is  subsequently 
illuminated  with  light  of  a  single  frequency,  and  two  object  waves,  one 
slightly  magnified  relative  to  the  other,  are  thereby  reconstructed. 
When  imaged,  these  object  waves  interfere  to  produce  fringes  across 
the  image  which  correspond  to  lines  of  constant  contour.  For  certain 
recording  geometries,  the  light  intensity  across  the  image  can  be  used 
to  determine  the  position  of  every  resolved  point  on  the  surface  of  .he 
object^. 


Contour  holography,  as  described  above,  has  been  demonstrated 
previously  using  static  recording  media^.  When  a  hologram  is 
recorded  in  static  media  such  as  photographic  film,  diffraction  is 
negligible  during  recording  since  typically  the  media  must  be 
developed  before  the  grating  becomes  apparent.  The  processes  of 
recording  and  readout  are  therefore  decoupled.  This  decoupling  is  of 
significance  in  contour  holography.  Contour  holography  requires 
image  reconstruction  from  two  different  holograms  superimposed  in 
the  same  recording  medium.  One  of  the  holograms  is  Bragg  matched 
to  the  readout  wave,  while  the  other  experiences  a  slight  Bragg 
mismatch.  This  mismatch  is  responsible  for  the  generation  of  the 
fringes  which  appear  across  the  reconstructed  image.  It  is  assumed 
that  this  same  Bragg  mismatched  diffraction  has  no  effect  on  the 
formation  of  the  grating.  This  assumption  is  valid  only  when 
recording  and  readout  occur  independently  of  one  another,  as  in  the 
case  of  static  media.  In  the  case  of  dynamic  media,  recording  and 
readout  are  coupled,  and,  therefore,  off-Bragg  diffraction  will  affect 
the  formation  of  the  grating  it.self. 

Coupled  wave  equations  can  be  used  to  describe  the  spatial  variation 
of  the  electric  field  due  to  volume  diffraction,  as  well  as  dynamic 
formation  of  index  gratings  due  to  an  intensity  distribution^-^dt.  in 
order  to  evaluate  the  potential  of  photorefractive  crystals  for 
performing  holographic  contouring,  we  have  extended  the  standard 
coupled  wave  equations  to  allow  for  the  creation  of  additional  waves 
due  to  Bragg  mismatched  diffraction.  This  analysis  is  quite  general 
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and  has  applications  to  other  areas  such  as  multiple  hologram 
storage9,  simultaneous  read-write  of  holograms'^\  and  achromatic 
beam  coupling' 1. 


2.  THEORY 

The  coupled  wave  equations  which  describe  diffraction  from  volume 
variations  in  refractive  index  can  be  derived  from  Maxwell's 
equations.  If  the  time  dependence  of  the  index  variation  is  small  with 
respect  to  the  phase  velocity  of  the  electric  field,  each  frequency  of 
the  electric  field  will  obey  the  scalar  wave  equation, 

V^E-(p^-2jap)E=()_ 

where 

P  =  +  ni(r.i)) 

The  parameter  a  is  the  loss  coefficient,  X  is  the  free  space  wavelength, 
no  i.'''  the  nominal  index  of  refraction,  and  nt(r,t)  is  the  induced 
refractive  index  variation.  For  the  case  of  two-frequency  interference 
the  refractive  index  variation  will  have  the  form, 

ni(r.t)  =  Hmcos  (k  1  r  +  y,)  +  n^jcos  (K2  r  +  vg,)  _  (2) 

where  oki.  n^:  are  the  grating  amplitudes,  K],  K2  are  grating  vectors, 
and  Vi,  V2  describe  phase  shifts  between  the  intensity  pattern  and  the 
grating. 

The  electric  field  for  two-frequency  interference  has  eight 
components,  four  incident  waves,  and  four  additional  waves  due  to 
off-Bragg  diffraction  (figure  1).  Using  this  form  for  the  electric  field, 
equation  (I)  can  be  used  to  derive  a  set  of  eight  coupled  wave 
equations  which  describe  the  spatial  dependence  of  the  fields.  The 
grating  amplitudes  grow  exponentially  in  time  towards  steady  state 
values  which  are  determined  by  the  intensity  distributions.  The 
values  at  steady-state  are  determined  using  an  iterative  approach. 
The  coupled  wave  equations  are  solved  at  time  t  equals  zero  given 
some  assumed  initial  field  amplitudes.  The  calculated  field 
amplitudes  are  then  used  to  predict  the  temporal  evolution  of  the 
gratings  for  a  small  time  step  and  new  solutions  to  the  coupled  wave 
equations  are  obtained  using  the  new  grating  amplitudes.  This 
process  is  repeated  until  the  amplitudes  of  the  gratings  converge. 


3.  SIMULATION  RESULTS 

Two  numerical  simulations  were  conducted,  each  assuming  a  crystal  1 
cm  in  length,  with  a  coupling  coefficient  of  5  cm  ',  no  absorption,  and 
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a  nominal  refractive  index  of  2.25.  The  waves  (Ri.Si)  made  angles  of 
+5  and  -5  degrees  with  the  z  axis,  respectively.  The  wavelengths  were 
.500  nm  and  501  nm,  to  yield  image  contours  every  250  pm.  The  time 
constant  of  the  crystal  was  equal  to  unity.  In  one  case  the  recording 
medium  was  assumed  to  have  an  intrinsic  phase  shift  of  zero  degrees, 
in  the  other  it  was  assumed  to  be  90  degrees.  These  values 
correspond  to  the  intrinsic  phase  shifts  of  two  different  classes  of 
photorefractive  materials,  drift-dominated  materials  such  as  bismuth 
silicon  oxide,  and  diffusion-dominated  materials  such  as  barium 
titanate.  The  distinction  is  significant  since  diffusion-dominated 
materials  have  highly  nonuniform  gratings  due  to  beam  coupling 
effects. 


.  X 


Figure  1.  Electric  fields  resulting  from  interference  of  light  of  two 
frequences  in  a  dynamic  recording  medium  with  off-Bragg  diffraction. 
Waves  Rj  and  Sj  on  the  left  of  the  medium  arc  incident  reference  and 
signal  waves.  Waves  Rj  and  Sj  on  the  right  arc  the  incident  waves  altered 
by  Bragg  matched  diffraction.  Waves  Tj  and  Uj  arc  waves  resulting  from 
off-Bragg  diffraction  of  waves  Rj  and  Sj. 

To  illustrate  the  effect  of  off-Bragg  diffraction  on  the  photorefractive 
recording  process  the  steady-state  refractive  index  modulation  was 
calculated  and  compared  to  the  index  modulation  which  would  form  in 
the  absence  of  diffraction  during  recording.  Figure  2  shows  this 
comparison  for  both  drift-dominated  and  diffusion-dominated 
materials.  In  both  cases  off-Bragg  waves  caused  changes  in  the 
grating  amplitude.  In  the  drift-dominated  material  off-Bragg 
diffraction  caused  the  two  gratings  to  have  different  amplitude 
distributions.  This  can  have  a  considerable  effect  on  readout  of  the 
hologram.  Figure  3  shows  the  dynamic  readout  from  the  gratings  of 
figure  2.  In  the  drift-dominated  material  the  diffraction  efficiency 
depends  upon  which  grating  is  Bragg  matched  to  the  readout  wave,  as 
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igure  2.  Graphs  of  refractive  index  modulation  along  the  /  axis  of  the 
ryslal.  Dotted  lines  assume  no  off-Bragg  diffraction,  solid  lines  consider 
ff-Bragg  diffraction.  Boundary  conditions  arc  R i  =  R 2  =  S  i  - S 2  =  1  (a)  Drifl- 
ominated  material,  i.c.  no  intrinsic  phase  shift  (b)  Diffusion-dominated 
latcrial,  i.c,  d(l  degree  intrinsic  phase  shift. 
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Figure  3.  Graphs  of  diffraction  efficiency  as  a  function  of  time  for 
readout  with  waves  R]  and  Ro-  Solid  line  is  Bragg  matched  diffraction, 
dotted  line  is  off-Bragg  diffraction,  (a)  and  (b)  result  from  grating  formed 
when  intrinsic  phase  shift  equals  0  degrees,  (c)  and  (d)  result  from 
grating  formed  when  intrinsic  phase  shift  equals  90  degrees. 
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shown  in  figures  3a  and  3b.  Diffraction  efficiency  in  the  diffusion- 
dominated  material  is  independent  of  which  beam  is  used  for  readout, 
as  shown  in  figures  3c  and  3d. 

4.  CONCLL'DI.NG  RE.MARKS 

Coupled  wave  equations  which  allow  for  off-Bragg  diffraction  in  the 
reading  and  writing  of  dynamic  holograms  were  proposed  and 
numerically  solved.  Temporal  characteristics  of  the  diffracted  waves 
and  the  induced  gratings  were  accounted  for  based  on  the  dynamics  of 
charge  migration  in  two  types  of  photorefractive  materials. 

Contour  holography  using  photorefractive  materials  holds  promise  as 
a  technique  for  making  dynamic  distributed  position  measuremenis. 
This  research  has  shown  that  in  photorefractive  crystals  the  effect  of 
diffraction  during  the  recording  process  and  erasure  upon  readout 
introduce  complexities  which  are  not  present  in  photographic  film. 
F-urther  study  is  required  to  qualify  these  differences  and  fully 
evaluate  the  potential  of  dynamic  contour  holography. 
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High  temperature  and  ultrasonic  «ave  optical  fiber  sensor  instrumentation  for 
aerospace  applications 


Kent  A.  Murphs',  Anbo  W.uii!,  Micluiel  F.  Gunthor.  Firian  R.  la'gg 
Asl'.isii  M.  Wngsarkar  and  Ridiard  O.  Claus 

I-IKt  &  F-lcctro-Optics  Research  Center,  Bradley  Department  of  Electrical  Engineering 
Virginia  FoK  technic  Institute  and  State  University,  IFlacksburg,  Virginia  24061-01 1 1 

ABS'I'RACF:  We  demonstrate  the  operatit'ii  of  a  silica-based  quadrature  pliase-shificd 
esirinsic  Fabry-Ferot  fiber  optic  sensor  for  the  deteciirm  of  the  amplitude  and  the  relatise 
polarity  of  il\  iiamicalK  \  . trying  strtiin.  'fhe  scnst>r  is  demonstrated  from  -27.5  to  975“^  C. 
Also  presenteil  are  results  from  a  sapi'hire  fiber  interferometer  usetl  as  tin  ultrasonic  waive 
detection  de\  ice  with  1500  C  capabilities. 


1.  INlRODUCd'ION 

Two  tlistinct  high  temperature  sensors  using  phase-modulated  techniques  are  ilescrilvd  in  this 
paper.  Tlie  first  sensor  consists  of  a  silica-based  i.|uadrature  phase-shifted  extrinsic  FFibry- 
Ferot  fiber  optic  sensor  and  the  second  sensing  metiu>d  uses  a  saiiphire  optical  fiber  Ftibry- 
Feri 't  interferometer. 

Fhase-motlulated  fiber  optic  sensors  have  been  shovxn  to  possess  high  sensitivities  for  the 
measurement  of  strain,  temperature,  vibration,  pressure  and  other  parameters.'  F;ibr\'-Perot 
(FF)  sensors  that  are  based  on  multiple  beam  interference  eliminate  the  need  for  a  reference 
arm  and  do  not  reiiiiire  sophis.lcated  stabilization  techniques  as  in  the  case  of  Mach-Zehnder 
and  Michelson  interferometers.’  .Several  techniques  to  create  intrinsic  optical  fiber  Fabry- 
Ferot  interferometers  bas  e  been  tlescribed  in  the  ptisi.  In  a  recent  paper,  we  described  a 
silica  optical  fiber  extrinsic  I  F’  intert'erometer  and  used  it  as  a  sensor  of  microdisplacemenis 
.ind  ihenii.illy-induced  strain.'’  'fhe  fiber  interferometer  was  classified  as  extrinsic  Ix’cause  the 
FF  ca\  ity  was  an  ;iir-gap  between  two  fiber  ends  ami  the  sensor  output  was  immune  to 
perturbations  in  the  inpui/ouipui  filxT 

.•\  similar  sensor  tlesign  using  sapphire  optical  fiber  has  recently  been  demonstarted.  ^ 
.Sapphire  optic.il  fiber  wtiveguides  typically  are  mtinufacturcd  as  single  crystal  or 
multicrN'stalline  material  in  either  rod  or  tube  form  with  outer  diameters  of  50  microns  or 
more,  a  tinifonn  index  of  refraction  of  approximately  1.76  at  room  temperature,  lengths  of 
sever.il  tens  of  centimeters,  and  attenuation  on  the  order  of  lOdB  or  more  per  meter. 
Relatively  large  diameter  s.ipphire  fiber  nxis  have  been  used  in  the  past  as  transmissive 
I')G;  |(  )f>  P  ihAslv'lL’  I  ui 
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elements  for  blttekbtxiy  ;itid  tluorescem  temperature  probes.  Because  the  melting  temperature 
of  single  crystal  c-axis  sapphire  is  approximately  204()'''C,  these  types  of  sapphire  fiber  rod- 
based  sensors  hav  e  been  demonstrated  to  operate  at  correspondingly  high  temperatures. 

The  silica  fiber  F-ahry-Perot  sensor  will  be  desribed  and  demonstrated  in  Sections  2  and  3. 
Sectivins  4  and  5  will  include  the  construction  and  experimental  results  for  the  stipphire  fiber 
sensor 

2.  SILICA  I'lBLR  1  .ABR'f  PFiRO  1'  SFiNSOR  F2FLSCRiF^I'FO\ 

W'e  describe  the  construction  of  the  extrinsic  F  ’P  intetl'erometer  w  ith  reference  to  Figure  1 .  A 
single  mode  fiber  ( A,,=  1  300  nm),  used  as  the  inputAnitput  fiber  and  a  multimode  fiber,  used 
ptirely  as  ;i  refiector.  form  an  air  gap  th;it  acts  as  a  k>w-finesse  FP  ctivity.  The  far  end  of  the 
multimode  fiber  is  shattered  so  the  reflections  frt>m  the  far  end  do  not  add  to  the  detector 
noise.  'I'he  Fresnel  refiection  from  the  ghissAiir  interface  at  the  front  of  the  air  g;ip  (reference 
rellection)  tintl  the  refiection  from  the  ;iir/glass  interface  at  the  lareiul  of  the  air  g:ip  (sensing 
refiection)  interfere  in  the  inpvit/'output  filxm  .Although  multiple  refieciions  occur  within  the  ttir 
gap,  the  effect  of  reflectitms  subsequent  to  the  ones  mentionetl  abt)ve  can  be  show  n  to  be 
negligible.  The  two  filx'rs  in  the  silicti  tulx-  are  tillowed  to  move  longitudinally  which  results 
in  changes  in  the  air  g;ip  length  thus  changing  the  phase  difference  between  the  reference 
reflection  tiiul  the  sensing  refiection.  'I'he  phase  difl'erence  can  be  monitored  as  intensity 
nuHluhitions  ;it  the  output  of  ;i  ftised  biconical  tapered  coupler. 

The  interference  of  the  two-wave  interfensmeier  can  be  evtilutitetl  in  terms  of  a  plane-wave 
approximtition.  The  observed  intensity  ;it  the  detector  is  a  superposition  of  the  two 
rellections.  Fair  a  strain  sensor,  it  is  usel'ul  to  plot  the  detected  intensity  versus  g;ip-separation 
s,  as  show  n  in  Figure  2.  We  see  that  the  fringe  contrast  drops  as  tlie  tiisplacement  increases; 
this  is  to  he  expected  since  (he  relative  intensity  of  the  sensing  reflection  recoupleil  into  the 
input/output  filler  st.irts  tlropping  with  respect  to  the  reference  refiection. 

The  extrinsic  I'P  interferometer  h.is  K‘en  testetl  as  a  displacement  sensor  by  tittaching  one  fiber 
to  a  stationary  block  and  the  second  fiber  to  a  micropositioner  which  protiuces  a  known 
(.lisphicement  between  the  fiber  ends.  Fair  comparison  vviili  the  thcoretic.il  results,  we  show  in 
F  igure  3  an  oscilloscope  trace  of  ihe  continuously  monitored  output  intensitv  of  the  sensor  for 
s  =  0  to  s  =  203  um  The  experimentallv  cotintetF  number  of  fringes  for  the  displacement  was 
3  1 0,.x  which  corresponds  to  .i  displacement  of  202  micrometers. 

'I'he  reduction  in  fringe  contrast  as  ;i  function  of  displacement  has  been  improved  by  splicing  a 
multimode  optical  fiber  onto  the  end  of  the  inpuiAnitput  fiFx’r  and  then  polishing  the  multimrxle 
fiber  until  the  output  light  is  somewhat  collimated.  The  length  of  multimode  fiber  is  on  the 
tirder  of  a  few  millimeters  and  serves  as  a  quarter-nitch  GRIN  lens.  The  experiment  described 
in  Figure  3  was  repe.ited  with  the  lensed  filx’r  and  the  results  arc  prc.sented  in  Fhgtirc  4. 
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I'hc  [iniK  iplc  of  I'poratiDti  of  a  qiiaiiraiiirc  plKisc-shirieti  l'ahry-l\-rot  (QPS-Fl’)  sensor  has 
been  dcsenbcci  in  detail.'’  A  method  of  oblainiiii!  t\so  siitnals  PO'’  out  of  phase  with  respect  to 
one  another  are  silos',  n  in  I'lgures  5.  To  test  the  validity  of  the  quadrature  phase-shifted 
sensors,  a  sensor  (using  the  scheme  shown  in  Figure  5)  was  attached  to  a  cantilever  titanium 
beam  w  ith  an  epo.sy.  The  fiber  sensor  w;is  attached  parallel  to  the  length  of  the  lx*am  and  beam 
vibrations  were  moniton'd  A  typical  oscilloscope  trace  is  shown  in  Figure  6.  The  figure 
clearly  shows  the  shift  in  the  lead/lag  properties  of  the  twr>  signals  as  the  relative  direction  of 
the  strain  in  the  K'tim  changes  from  increasing  to  decreasing. 

.\  QFS-FP  sensor  was  tested  as  a  thermally-intluced  strain  gauge  on  a  ceramic  cross-flow 
(C.XI  )  filter  at  W'estinghoiise  Science  anil  Technology  Center,  in  Pittsburgh.  CXF  filters  are 
used  for  hot  gas  clean-up  of  coal-fired  power  generation  systems,  such  as  pressurized 
tluidi/.ed  bed  combustors  and  integrated  gasifier-combined  cycles.  Figure  7  shows  the  QPS- 
I'P  sensor  output  as  a  function  of  time  during  the  heat-up  portion  of  the  test  compared  to  the 
filter  temjieraiure  measured  using  a  conventional  thermocouple.  The  sensor  performed 
equalls'  well  during  the  cool-do"  ■■  -yele. 

.A  one  centimeter  gauge  length  (,)PS-I'P  sensor  was  attached  to  a  cantilcwer  beam  and  then 
submerged  in  a  liquid  nitrogen  I  27.1  ('i  bath.  The  tip  of  the  cantikwer  beam  was  displaced 
and  then  released  scweral  times,  a  typical  oscilloscope  trace  can  be  seen  in  Figure  S.  The 
fringes  correspond  to  27(i  tnicrostrain  which  is  w  iihin  lOfi  of  the  calculated  v  alue  of  strain. 
1  he  minimum  diCtect.ible  phase  shift  was  (i.()99(i  which  corresponds  to  a  minimum  detectable 
strain  of  (1.01  ustrain  for  ;i  gauge  length  of  19.0,1  mm.  .Static  and  dynamic  loading  data 
obtained  from  the  sensors  show  a  high  degree  o|  accunicv  and  a  strain  resolution  of  0.01 
um.'m. 


Fic  1  Sensor  svstein  cind  srn.snr  riotail.  I.  lasrr, 
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Fig.  2.  Thcnnicai  output  vs,  gap  separation 
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2.  SAPPillRr-  OPTICAL  MBLR  SI  ASOR  l  ABRICAI'ION 

Sapphire  optical  Tiber  i  abry-Perot  sensors  iiave  been  Tabiicatcd  as  sliown  in  F-igure  9.  Flere, 
coherent  ligiit  I'roni  a  laOOnm  laser  is  coupled  into  ;t  single  mode  fiber  and  subsequently 
divided  by  a  2x2  fused  hiconica!  tapered  coupler.  Flight  from  one  of  the  output  fibers  is 
collimated  using  a  GI^FN  lens  and  launched  into  a  letigili  of  sappliire  fiber  rod  waveguide. 
'F'hc  collimated  optictil  beam  proptigtites  the  length  of  the  guide  and  is  partitilly  rellected  at  two 
locations,  thus  producing  two  output  fields  which  interfere.  A  F-abr\'-Perot  etalon  is  formed 
bv  the  surfaces  which  produce  the  refieciions,  and  refiective  coatings  on  each  of  the  surfaces 
nitty  be  employed  to  increase  the  finesse  of  the  etalon.  The  reflected  output  signal  is  coupled 
hack  through  the  lens  ttml  the  input  filx'r,  to  the  coupler  tind  a  photodetector, 

4.  MliA.Sl'RfiMNT  01-  L  L.TRASONIC  .SL  RLACF-:  FiLAS  l'lC  WAVES 

The  sapphire  fiber  rod  sensor  w  tis  supported  above  the  surface  of  a  materitil  specimen  as 
shown  in  Figure  10  to  metisure  the  out-of-plane  ptiniele  displacements  associated  with 
ultrasonic  Sitrface  elastic  w  ;i\  es  propagating  on  the  surface.  If  the  density  and  mori^jii  of  the 
ni;iteri;il  are  known,  this  component  information  m;iy  be  used  to  determine  i.e  ■■''•■te  surface 
wave  displacement  fieki.  F'or  this  geometry,  the  etalon  again  is  forni.  if  By  the  gap  between  the 
end  of  the  sa[)phire  rotl  and  the  facing  surface. 

f'igiire  1 1  shows  the  photodetector  output  for  a  2,2.  .Mllz  '  eenerated  on  the  surface 
using  a  coin  entional  piezoelectric  transducer.  Here,  .in  averaging  effect  is  observed  due  to  the 
relative  si/c  of  the  probing  beam  and  the  acoustic  wavelength  of  the  surface  wave.  The 
ultrasonic  irtinsducer  produces  a  surface  elastic  wave  having  a  maximum  out-of-plane 
displacement  on  the  order  of  10  .A,  so  the  resulting  maximum  optical  phase  change 
corresponds  to  mi.ch  less  thait  one  fringe,  tiiiil  the  output  signttl  remains  in  the  linear  range  of 
the  sv'stcm. 


f  r.  9  C?c«MFF'’:ry  of  '  if  p.  ire  rtxl  Ffri  sensor  with  a  rcnccior. 
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Pig,  10  E.xpc:irr.cn'..il  sci-up  for  SAW  detection 

.3.  SUMM.ARY 


Fig.l  1  Plol  A  rZT  input  Pl'’t  B  is  FFT  of  A. 

Plot  C  is  output  of  sappliiie  inicrleromcier. 
Plot  D  is  FFT  of  sapphire  intctfcromctcr. 


Tlie  silica  fiber  F'abry-Pcrot  sensor  was  successfully  demonstrated  as  a  thermally  induced 
strain  monitor  in  an  industrial  ern  ironmeni  up  to  43(r  C  (the  limitation  of  the  fiber  coating  not 
the  sensor  itself).  The  sensor  has  been  used  successfully  in  a  laboratory  up  to  975°  C  with  no 
coating. 

We  have  developed  a  sapphire  rod  waveguide-btised  c.Ktrinsic  F-abry-Perot  sensor,  and  have 
denion.strated  its  use  in  an  tiltra.sonic  surface  elastic  wa\e  detetion  configuration.  Current 
research  includes  the  measurement  of  disphicement.  temperature,  and  pressure. 
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ABSTRAC'I:  The  devclopmcni  ol  Smun.  or  Active,  tnalerials  will  ree|uire  Ihe  perleelion  ol 
structurally  inlei;raicd  Jlher  optic  sensing  sysienis.  We  will  indicate  some  ol  Ihe  enlieal  issues 
laeini;  ihis  developmenl  and  report  on  our  advances  in  this  context. 

l  .INTRODl  CTION 

In  the  7()'s  new  approaches  lo  complex  engineerini>  systems  like  aireral’t  were  adopted.  These  assume 
that  each  major  eomnoneni  eonltiins  one  or  more  critical  Haws  at  a  level  not  detected  inilially  This  led 
to  new  engineennu  strategies,  such  as: 

I  d.ifelimc  System  Monitoring:  1.  Retirement  for  Cause:  .T.  Desif>ned-in  Inspeetahility 
The  earlier  approach  of  retiring  an  enlire  hatch  ofslruclural  components  vinee  a  poienliallv  erilietil  Haw 
(crack)  was  discovered  in  I'ne  component  led  to  an  enormous  cost.  Retirement  lor  Cause  involves 
periodic  inspection  of  each  eomponeni  w  iih  expensive  and  ektborate  NDE  systems.  Once  a  critical 
Haw  is  deleeled  ihai  eomponeni  is  retired.  .Although  Ihis  ASIP  {Aircraft  Slrticlural  Integrity  Program) 
program  has  been  sueeessful  in  prevenling  loss  of  aircraft  from  structural  failures,  ii  is  expensive  and 
not  alwavs  aeeuraie,  furthermore,  ii  leads  to  greatly  increased  dow  ntime  and  a  commcnceraie  increase 
in  life  evcic  costs  The  introduction  of  components  with  built-in  inspeetabilitv  should  significantly 
reduce  costs,  improve  maintenance  and  shorten  downtime.  In  addition,  monitoring  the  loads  and 
deformations  of  a  component  on  a  continuous  basis  will  permit  its  true  fatigue  life  lo  he  esiimaled  al 
■iny  lime. 

The  past  five  years  has  seen  Ihe  emergence  ol  a  new  lield  of  engineering  lermed  Smart  Materials  and 
Siruclures  "  or  some  limes  "Aclive  Materials  and  Adaptive  Structures".  This  mullidiseiplinarv  field 
V,  ill  lead  lo  a  revolulion  in  engineering  principles  and  a  radical  change  in  our  ihinking  about  buiding 
siruclures  .is  diverse  as  AirerafI  and  Space  Platforms.  Marine  Vehicles  and  Inslallalions  and 
'Terrestrial  Structures, 

The  developmenl  ol  \irueiurally  integrated  fiberoptic  sensiiif;  systems  represenis  a  neeessarv  first  step 
in  Ihe  evolution  of  this  field  and  w  ill  lead  lo  advances  in  process  control  ol  material  fabrication  and  lo 
improvemenls  in  safelv  and  economics  of  many  diverse  industrial  products.  Buill-in  sensing  systems 
are  equallv  likelv  lo  be  found  in  future  aircraft  as  in  new  bridges.  In  terms  of  advanced  composite 
materials  the  greater  confidence  instilled  bv  ihis  intrinsic  iaspectabilily  will  lead  lo  their  increased  use 
as  primary  structures  and  could  avoid  overdesign  with  its  multiplier  elTecIs.  parlicularly  in  the 
Aerospace  Field  The  second  pari  ol  this  new  field  is  concerned  with  siruclures  that  not  only  sense 
their  stale  but  can  modifv  it  through  some  form  of  control  actuation.  The  perfection  of  reliahle  and 
accurate  siruelurallv  inicgraled  sensing  svstems  would  also  constitute  a  neeessarv  first  step  in  the 
evolution  ol  Adaptive  Siruclures.  These  kinds  of  structures  have  particular  relevance  lo  Ihe  Aerospace 
f  ield  leading  lo:  .iireralT  w  ith  adaptable  w  ings.  aclive  noise  suppression  and  space  siruclures  that 
conslanllv  adjust  Iheir  shape  and  damp  oul  unwanted  vibration. 

The  primary  siruelural  measurement  domains  are:  strain,  tlanuif’e,  lemi>eralure  and  fabrication.  II  we 
include  advanced  composite  materials  the  measurement  of  strain  would  permii:  load,  deformation, 
vibration,  stress  coneeniralion  lo  be  delermined  while  damage  asscssmeni  would  follow  from:  crack, 
dclaminalion.  corrosion  and  debonding  monitoring.  Cure  slate  and  residual  stress  measurements 
could  lead  lo  improved  fabriealion  control  It  is  obvious  that  Ihe  economics  of  implementation  would 
be  mosi  lav  oured  if  one  ty  pe  of  sensor  can  he  used  for  all  of  these  measurements. 
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C  RI  l  ICAL  ISSl  t  S  \ND  Dh  VI-;i,OP.MENTS 

The'  (.  riiKiil  ;irc;is  ol  n.'sc;iri.h  .mil  diit  lopmcni  needed  In  implemeni  praelieal  Smari  Malerials  and 
SirueRires  are  indleaied  in  Figure  1.  , 


Figure  1.  Schematic  of  a  Fiber  Optic  Smart  Structure 
Indicating  the  Critical  Areas  of  Development  Required 


I  I  l  iherOplIe  Sensors 

The  ideal  sensor  lor  Smari  .Malerials  and  .Slruelurcs  will  have  lo  be  capable  ol  iinderiakine  ihe  \\  ide 
range  ol  measiiremenis  alluded  lo  abov  e  and  il  would  have  lo  be: 

/n/n/isK  lor  minimum  perturbation  and  slabililv 
t.iH  cdircil.  lo  operate  ivmolch  w  ilh  insendtit  e  huiils 
Able  lo  (/i\(  rrn  Ihe  direelion  ol  measurand  field  change 
Heil-tH’hin  c(t  with  reprodiu  ihh'  response 
-Able  lo  determine  mviisiir/iml  field  direellv 
All-fil>er  lor  operalional  slabililv 
Able  lo  provide  a  lineiir  respimse 
A  single  opiieiil  fher  for  minimum  perturbation 
Sinf;le-i  ndeil  for  ease  of  inslallalion  and  eonneelion 
-Suffieienlh  lenvii/i  r  with  adequale  rimf;e 

tnsensniw  lo  phase  intemiplion  al  siruelural  inicrface 
-\onpi  rtiirhiiliee  lo  siruelure  and  rohiisi  for  inslallalion 
Inlerrupl  immune  and  capable  of  ahvo/i/ri  meusuremem 
-Amenable  lo  ma/i/p/cvmg  lo  lorm  sensing  networks 
Fii'~il\  manufaelured  and  adaptable  to  mrrvi  pniiliu  lion 
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The  moM  impiirhini  sensor  perlormnnee  Indienlors  ;ire;  ilyniimii  ranf^e;  spaliol  iiml  mt-cj.'.uriinJ 
rc\(>luiiim  ami  \  nsp/msc.  while  some  ol'  the  mosi  erilical  issues  lo  be  addressed  inelude: 

inierrupi  immiiiiiiv  and  (he  need  lor  absolute  measurements,  •iif’tutl  fadinii  due  to  load  indueed 


biretrinitenee.  and  thermal  appan-m  siniin. 

The  two  liber  ophe  sensors  with  the  most  promise  r 

Intraeore  Bragg  (irating 
Merits 

•  absolute  measurement 

•  automated  I'abrietUion 

•  minimtil  strength  degradation  (rebulienng 
problem) 

•  mulllplexed'demulliplexed 

•  Itisl  response  time  (with  waselength  ratiomelrie 
leehnique ) 

•  loeali/ed  with  levr  mm.sp;ili;il  resolution 
Demerits 

•  sensiliviiv  may  not  be'  atiee|uate 

•  limited  avtiilabilily 

•  limited  power  with  brotidbaiid  light  simree 


this  lime  are  based  on  the: 

Intrinsic  Fabry-Perot 
Merits 

•  high  .senxiiivily 

•  last  response  lime  (  demodulation  limited) 

•  loeali/ed  svith  mm.  spatial  resolution 

•  absolute  measureme'iil  with  eoherent 
mulliple.xing 

Demerits 

•  limited  strength  unless  l(Kali/ed  mirror 

•  dilTieultv  in  automated  labnealion. 

•  slow  lime  response  with  coherent  multiplexing 

•  possible  pertdrmanee  degradation  with 
mirrored  end 


I  2  Lmbedded  Oplietil  Fibers 

In  terms  ol  embedded  optietil  libers  the  ke\  issues  ;ire: 

•  Influence  on  the  Material  Properties 

It  (tplieal  libers  are  lo  be  embedded  within  prtietieal  eomposite  material  slruetures  they  musi  not: 
lomprumise  ihe  icnsilt-  Dr  t om/tressn  e  M/'engr/i,  incrcosc  ilic  ilainuf’e  \  ulncrnhiiiiy  or  reiim  c  llir 
foliyue  lif<‘  of  ihcse  nuneriah.  Although  preliminary  evidence  suggests  that  degradalton  ol  the  material 
properties  is  minimal  prox  iding  lh;ii  the  diameter  ol  the  optical  liber  is  less  than  about  I2.s  um. 
Iraelographie  studies  reveal  Ihiil  oplietil  libers  embediled  at  an  angle  lo  Ihe  adjaeeni  ply  direelions  ol 
Ihe  eomposite  material  eretile  resin  etiviiies  (termed  "resin-eyes"  beeau.se  ol  their  shape).  The 
lormation  ol  resin-eves  leads  lo  high  •  -^s  eoneeniralions  at  the  hosiaipl'Cal  liber  inleriiiee  w  hieh  may 

over  ;i  period  ol  lime  and  under  oeeasstonal  high  loading  conditions  leae'  lo  debonding  ol  the  oplietil 
liber  Irom  the  host  (iearlv,  more  delmiiive  research  will  be  needed  before  oplietil  libers  can  be 
imbeuueu  w  ilh  confidenn  within  eomposite  structures  intended  lo  have  ;i  20  (plus)  year  wrrrking  life 

•  SensoriHost  Interface  and  Coating’s 

It  IS  possible  that  this  high  stress  eoneentrtilion  around  Ihe  oplietil  fiber  mav  be  diminished  with 
coalings  of  appropriiile  si/e  and  stil  l  ness.  Clearly  ,  careful  consideration  will  hav  e  to  be  given  lo  Ihe 
diameter  of  optical  fibers  and  their  Ivpe  ol  eirating  if  Ihev  are  lo  be  embedded  within  et'mposile 
slruetures  and  fum  non  convclly  with  no  perlormanee  degradation  for  the  useful  lile  of  the  siruelure 
Prolessor  J.  .Sirkis  and  his  group  are  starling  lo  study  these  issues. 

•  Performance  Life  of  the  Sensing  System 

When  Ihe  optical  fibers  tire  embedded  eoilinear  with  the  plv  direction  there  is  no  appearance  ol  a  resin 
eve  and  minimal  stress  concentration  is  expected  However  for  this  configuration  a  resin  void  is 
lormcd  on  the  end  ol  Ihe  optical  fiber  tind  this  could  lead  lo  initiation  of  debonding  Irom  Ihe  host 
material.  This  suggests  that  it  mtiv  not  be  prudent  lo  locale  the  sensing  region  at  the  end  of  an 
embedded  oplieal  fiber  intended  for  extensive  use.  More  research  is  needed  to  ascertain  the 
seriousness  of  this  problem. 

•  Sensing  System  Damage  Vulnerahility  and  Degradation 

A  sensing  system  within  a  practical  Smart  Structure  will  have  lo  be  fairlv  robust  and  degrtide 
graecfullv  when  the  structure  suffers  modest  damage.  Special  coalings  and  a  |udieious  choice  ol 
location  iind  orientation  mav  help  lo  avoid  premature  fracture  of  the  optical  fiber  but  in  the  long  term 
rerouting  of  optical  information  through  the  sensing  network  mav  be  necessjirv 

I  '  Mullisensor  Arehileelure  ,ind  Mullplexing  Sinilegv 

•  Sensing  System  Architecture 

The  Ivpe  ol  measurement  lo  be  underltiken  will  diclale  whether  Ihe  fiber  optic  sensors  should  be  : 
point,  long  path  or  disirihnicd  while  Ihe  nature  of  the  structure  will  determine  if  they  are  multilayered 
or  liinited  lo  form  a  single  laver  Optical  fiber  orientation,  placement  in  Ihe  composite  lavup.  spatial 
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resolution  and  eonslraints  imposed  bv  the  linile  bend  radius  are  all  Important  laetors  to  be  eonsidered. 
It  will  also  be  important  to  Identilv  anv  speeial  siruetural  lealures  or  regions  ol  high  stress 
eoneentration.  The  power  budget  and  signal  to  noise  laetors  wfill  eertainlv  play  a  ke\  role  in  delining 
the  sensiiiL'  svsteni  arehiteeture  Sensing  system  damage  vulnerabililv  and  ease  ot  labrieation 
represent  oi  .  i  eonsiderations  to  be  taken  into  aeeounl. 

•  Multiplexing  Strategies 

Multiplexing  is  the  merging  ol  data  I  rom  several  ehannels  into  one  ehannel.  w  hile  demultiplexing  is 
the  inverse  The  primary  parameters  used  in  optical  multiplexing  sehemes  are:  waxelength.  time. 
rre<.|uene\ .  pha.se  ;ind  space.  Consequenllv.  there  are  live  multiplexing  teehmques: 

•  Wti\  i-Irngih  Dl\  isii>n  Muhipteving  (WDM)  -  each  sensor  operates  at  a  dilTerent  wavelength.  The 
relevant  wavelength  eneoding  can  be  perlormed  by  either:  the  light  souree.  spectral  Tillers,  resonant 
etiviiies  or  dispersive  elements.  Demultiplexing  is  aeheived  bv  means  oT  a  spectral  analyser. 

•  Tinu  Di\  i\i()n  Xliilliplexing  (TDM)  light  pulses  are  simply  combined  and  dilTerenees  in  the  transit 
lime  lot  the  light  signals  propagating  along  the  various  ehannels  are  used  Tor  demultiplexing.  For 
praelieal  structures  this  wauild  require  very  narrow  pulses.  This  would  letid  to  low  signal  strength  ;ind 
very  last  demodulation. 

•  Fnv/i/eii(  y  Di\  isi(in  Midlipicx'itg  (FDM)  -  etieh  inierTeromelrie  sensor  operates  w  iih  a  signal  that  is 
modulated  at  a  diTTereni  Trequenev  Demultiplexing  oT  the  various  signals  is  achieved  by  means  ol 
appropriate  btmdpitss  Tillers  to  ensure  ihtii  etieh  vleleetoronly  receives  signtils  Trom  a  speeiTie  sensor, 

•  riuiw  r>i\ixi(m  Muhiptexing  (RDM)  -  or  coherence  mulliplexinu.  uses  pairsol  interTeromelres  each 
w  iih  ;i  etiv  ii\  length  greater  ihtin  the  coherence  length  oT  the  souree  so  no  inlerlerenee  .irises  until  the 
lengths  ot  the  iwn  inierteromelers  are  made  to  match. 

•  Spiiliiil  Di\  i\iiiii  Multiplexing  (SDM)  -  IhisoTlen  involves  some  scanning  mechanism  to  physiealiv 
eonneel.  in  sequence,  each  oT  the  sensors  iti  the  dtila  link. 

Currently,  none  oT  these  multiplexing  sehemes  can  be  developed  into  a  microsystem  that  et'uld  eithei 
be  embedded  or  lorni  ptirl  ol  a  small  robust  structural  interface.  This  implies  that  the  inierconneel 
might  have  to  involv  e  a  ingress  egress  oT  the  number  of  optical  libers  used  to  eonsliiule  the  sensing 
system.  II  a  last  response,  high  resolution  (Tew  mm  and  about  1(1  uslrain)  distributed  sirtiin  sensing 
system  was  avtiiltible  this  might  reduce  ihe  severity  of  this  problem,  but  no  such  system  has  been 
developed. 


14  Mullisensor  Signal  Reeoven  tind  Slruelur;il  Inlerconneel/InlerTace 

•  Multisensor  Signal  Recovery 

A  mullisensor  signal  recovery  system  should  be  reliable,  compact,  inexpensive  .ind  involve  as  lew 
components  as  possible.  Many  approaches  under  eonstderation  today  are  btisedon  Ihe  use  ol  ;i  single 
signal  recovery  system  to  service  a  number  of  sensors  by  means  oT  some  multiplexing  scheme. 
Invariably  this  leads  to  sequentially  sampling  Ihe  output  from  each  sensor.  The  allernaliy  e  approach  of 
providing  a  signal  recovery  Tor  each  sensor  is  likely  to  be  expensive  and  impractical  unless  the  system 
can  be  built  on  an  opioeleetronie  chip  and  either  embedded  within  the  siruelure  or  incorporated  into  the 
structural  interlace  or  eonneelor 

•  Structural  Interconnect Unterjace 

The  nature  oT  Ihe  structural  inierconneel  problem  hinges  on  yvhelher  the  output  Trom  the  structure  is 
optical  or  electrical  C  iirrenl  thinking  is  predicated  on  optical  signtils  llowing  into  and  out  oT  the 
siruelure  viti  the  siruelurtil  interface.  In  general  this  interface  must  haye  minimal  siruetural 
perturbation:  be  easy  to  fabneale  and  miroduee  into  Ihe  production  of  Ihe  siruelure.  IT  multiplexing  is 
not  used  each  sensor  would  have  its  ow  n  output  and  a  ribbon  or  bundle  ol  optical  libers  yvould  hav  e 
to  egress  Trom  Ihe  structure.  This  may  be  Ihe  case  even  with  multiplexing  since  most  sehemes  do  not 
lend  themselves  to  suTficienI  minialuri/alion  to  be  embedded  or  included  in  the  structural  interlace 
Although,  structural  miereonnecis  can  be  made  to  a  broad  surface  or  an  edge,  the  Tormer  lends  to  be 
Tavored  in  many  eases  as  edges  are  oTien  trimmed  or  used  for  structural  support  The  development  of 
a  "reliable  "  and  ■"eonvenienl"  structural  interconnects  is  likelv  to  represent  one  of  Ihe  most  critical 
steps  in  the  implementation  of  Smart  Siruelurcs  for  in  many  of  Ihe  situations  yvhere  this  technology 
could  be  of  stgnifieanl  benefit  inlereonneelion  will  htive  to  be  performed  bv  unskilled  personnel, 
possibly  in  hostile  environments,  such  as  an  aircraft  on  a  subzero  runway  in  ;i  blizzard 

The  structural  inierconneel  problem  would  be  greatly  simplified  if  ;i  single  eleelrieal  cable  could  be 
used,  the  interface  would  then  serve  as  both  a  structural  andelecirical/oplical  interface  This  is  clearly 
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i>nK  pntciKal  il  .1  single  npincIcctronK'  ehip  can  be  developed  lhal  would  generale  ihe  light  signals 
used  to  interrogate  the  arrav  ol  liber  opiie  sensors  integrated  into  the  siruelute  and  to  convert  Ihe 
subsei|ueni  optical  sensing  signals  baek  into  eleelneal  signals,  figure  2 


/ 


l)ispla>  and 
<  S^siffn 


Figure  2.  Sehematie  of  Fiber  Optic  Smart  Structure  with 
Structurally  Integrated  Signal  Pnicessing 
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Our  reeeiil  development  ol  a  simple,  passiv  e  ,ittd  last  method  ol  wavelength  demodulating  opltciil  libei 
intracore  Bragg  grilling  sensors  lends  ilsell  to  an  approach  lhal  could  coiilitrm  to  a  mullisensoi 
eleelneal  optical  structural  inlertiiee  .is  suggested  iibove  The  eoneepi  involves  using  each  in-liber 
Bragg  grating  sensor  to  control  the  wavelength  ol  a  laser  ;ind  monilonni;  this  wavelengih  w  ith  our 
eh-nt’ih  niiKmu  irH  /<v  /inrV/M<  .  figure  .t|Melleeial  IWI|  In  figure  4  we  propose  one  possible 
svsiem  based  on  ihis  .ipproiich  lhal  could  he  built  on  iin  opioelecironie  chip,  handle  a  large  number  ol 
sensors,  vet  be  sm.ill  enough  to  be  mounted  laside  the  structural  inlereonneci  or  embedded  vv  iihin  Ihe 
siruelure  Father  wav  the  eonneelion  to  the  structure  would  be  through  .i  conventional  Ivpc  eleelneal 
intereonneet  In  this  .ipproaeh  each  laser  wi'uHl  be  swilehed  on  (or  excited)  in  sei(uenee  so  lhal  onlv 
one  wavelength  demodulation  detection  svsiem  would  be  neeessarv.  If,  however,  last  time  response 
IS  required  then  ii  parallel  system  would  be  used  and  ciieh  laser  sensor  would  hiive  its  ow  n  wiivelenglh 
raiiomelrie  detection  svsiem.  ,is  in  ligure  ) 
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WiiNcIcnuih 


Figure  3.  Schematic  uf  Wavelength  Dependent  Ratiometric 
Bragg  Grating  Laser  Sensor 
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F  igure  4,  SchenuiiK' ol  Wa\i.  nglh  [\’(X’nileiu  Raiionieine  Mullipk’xed 
Mulliple  firagg  Laver  Sensur  Svsicni 


SI  V1MAR> 

\  nunihcr  ol  ihe  impurtani  ivsucv  laeing  ihc  dcveliipmtni  ol  liber  opiic  based  sniai'  siruelures  is 
diseiissed  One  el  Ihe  mosi  enlieal.  Irrim  ihe  siandpiiinl  ot  implcmenialu'ii  ol  ihis  leehnolog\, 
in\ol\es  Ihe  inlereonneel  lo  praelieal  siueiures,  like  airerali  wings  These  siruelural  interlaees  will 
have  lo  lunelion  in  operalional  environmenls,  be  exiremely  robasi  vel  nonperlurbaliv  e  ol  Ihe  siruelure 
We  have  suggeMeel  lhal  I  his  mighi  be  aehievable  wiih  a  sei  ol  sirueluralK  inlegraied  liber  oplie  Bragg 
gr  iling  laser  sensors  ih.il  are  mierrogaled  w  iih  ihe  simple  wavelenglh  demodulation  sehenie  we  have 
dev  ised  smee  this  would  permit  the  signal  proeessing  svsiem  lo  be  build  on  a  small  opioeleelronie 
ehip  whieh  eould  be  mo'inied  wiihm  the  siruelural  inlerlaee  This  would  permit  a  single  eleelrieal 
eahle  lo  he  used  w  iih  a  eonvenlional  Ivpe  eleelrieal  inlereonneel  lo  Ihe  siruelure 
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Fiber-optic  interferometric  sensors  for  ultrasonic  NDE  of  composite  materials 

Kexing  Liu  and  Raymond  M.  Measures 
University  of  Toronto  Institute  for  Aerospace  Studies  (UT/AS), 

4925  Dufferin  Street,  Downsview,  Ontario  M3H  5T6.  CANADA 

ABSTRACT:  Interferometric  fiber  optic  sensors  using  ordinary  single-mode  fibers 
were  studied  to  detect  elastic  strain  waves  for  nondestructive  evaluation  of 
composite  materials.  This  fiber  sensor  has  been  embedded  in  both  graphite/epoxy 
and  Kevlar/epoxy  composite  specimens.  Applications  and  limitations  of  the  sensor 
are  also  discussed. 


Composite  materials  are  finding  a  widespread  use  in  the  aerospace  and  other  industries. 
Because  of  their  special  properties,  it  is  desirable  to  establish  new  non-destructive 
evaluation  (NDE)  techniques  for  in-service  (in-situ)  monitoring  of  composite  structures. 
These  advanced  NDE  techniques  should  be  capable  of  sensing  damage  arising  within  a 
structure  in  real-time.  The  use  of  a  dielectric  sensor  is  preferable  for  embedding  in 
composite  materials.  The  fact  that  optical  fibers  are  dielectric  material,  free  from 
electromagnetic  interference,  small  in  size  and  light  in  weight  and  can  survive  high 
temperature  and  high  pressure  has  led  to  the  investigation  of  embedding  optical  fibers  into 
solid  matenals,  particularly  the  advanced  composite  materials  for  nondestructive  testing  and 
structure  integrity  monitoring  |lj. 

Optical  fibers  as  intrinsic  sensing  elements  have  been  studied  for  the  detection  of  ultrasonic 
strain  waves  within  composite  materials  since  more  than  a  decade  ago  12).  More  recently, 
an  ultrasonic  detection  system  based  on  fiber  Michelson  interferometry  for  composite 
damage  monitoring  was  reported  (3|.  The  system  employed  an  active  homodyne 
demodulation  technique  to  maintain  linearity  and  maximum  sensitivity.  The  fibers  were 
embedded  in  both  Graphite/epoxy  and  Kevlar/epoxy  composite  specimens.  Acoustic 
emission  signals  were  detected  for  both  tensile  loading  and  out  of  plane  loading.  The 
system  provided  single-ended  sensing  with  real-time  monitoring  capabilities,  and  had  a 
broadband  response  of  lOOkHz  to  2MHz. 

The  use  of  interferometers  based  on  ordinary  single-mode  fibers  for  the  detection  of  low 
frequency  strain  [4]  and  ultrasonic  waves  [3|  within  composite  materials  has  the  obvious 
advantages  of  simpler  configuration,  higher  sensitivity  and  lower  cost  compared  with  those 
based  on  polarization  preserving  fibers.  However,  the  problems  associated  with  the 
embedded  ultrasonic  strain  wave  sensors  based  on  ordinary  single-mode  fibers  such  as 
localization  and  sensitivity  variation  due  to  the  state  of  polarization  (SOP)  have  drawn  little 
attention  in  the  smart  structures  sensing  community  (5116).  In  this  paper,  the  results  of  a 
sensitivity  analysis  will  be  given  for  the  detection  of  elastic  strain  waves  with  embedded 
ordinary  single-mode  fibers.  Problems  of  localization  and  visibility  variation  due  to  SOP 
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and  birefringence  effects  will  be  discussed.  The  application  and  limitations  of  embedded 
ordinary  single-mode  fibers  in  the  form  of  a  Michelson  interferometer  for  ultrasonic  strain 
wave  detection  will  be  briefly  presented. 

The  response  of  an  embedded  optical  fiber  to  propagating  elastic  waves  is  determined  by 
the  propagation  and  polarization  direction  of  the  ultrasonic  waves  with  respect  to  the 
orientation  of  the  optical  fiber  and  the  state  of  polarization  (SOP)  of  the  optical  beam  in  the 
fiber  (6).  In  the  frequency  range  where  the  acoustic  wavelengths  are  of  the  order  of  the 
fiber  sensor  length,  the  output  is  an  integral  for  the  ultrasonic-wave  component  along  the 
direction  of  the  optical  fiber. 

Visibility  variation  is  often  referred  to  as  polarization-induced  fading  (PIF)  [5].  Assuming 
that  the  2x2  fiber  directional  coupler  has  '[  .itting  ratio  of  1:1,  and  the  losses  are  equal  in 
both  sensing  and  reference  fibers,  uniform  strain  field  in  the  core  of  the  fiber,  such 
as  in  the  hydrostatic  case,  the  vi*-',,!'  is  determined  by  the  relative  SOP’s  in  the  two  fibers 
and  the  input  polarization  orie  unuon  [5|.  It  is  known  that  the  visibility  variation  can  be 
compensated  by  controlling  ihe  input  SOP  of  the  light  beam,  thereby,  maintaining  maximum 
visibility  15).  Howeve.,  for  non-uniformed  strain  field  in  the  core,  as  is  the  case  in  this 
paper,  the  visibility  '.ill  be  affected  by  an  additional  factor,  i.e.  the  ultrasonic  field  induced 
birefringence  (61  This  component  cannot  be  nulled  out  by  using  the  suggested  feedback 
control  of  the  input  SOP,  because  the  feedback  servo  control  will  not  follow  the  high  speed 
SOP  change. 

Nevertheless,  embedded  interferometric  sen.sors  based  on  ordinary  single-mode  fibers  can 
still  be  used  in  many  non-absolute  ultrasonic  measurements,  sucb  as  ultrasonic  pulse  delay 
measurement  or  relative  ultrasonic  spectrum  distribution  measurement. 

Absolute  IcKalization  cannot  be  realized  with  an  embedded  ultrasonic  sensor  based  on  a  pair 
of  ordinary  single-mode  fibers.  This  is  due  to  the  fact  that  the  two  very-well  paired  fibers 
have  different  birefringencies  and  thus  different  SOP’s,  even  though  they  may  be  subject 
to  the  same  ultra,sonic  field  (if  the  ultrasound  wavelength  is  much  greater  than  the  fiber 
diameter  and  both  fibers  are  well  bonded  to  the  matrix).  As  a  result,  the  ultrasonic  induced 
phase  changes  in  the  lead  section  of  both  fibers  do  not  cancel  each  other  upon 
recombination  at  the  directional  coupler  (61. 

However,  localization  will  still  be  achieved  if  the  ultrasonic  field  is  localized.  This  is  often 
the  case  in  laboratory  experiments  where  the  emission  sources  are  fairly  close  to  the  sensing 
section  of  the  fiber,  or  specimens  are  small  such  that  the  embedded  lead  section  of  fibers 
is  relatively  short. 

Ultrasonic  detection  using  embedded  Michelson/Mach-Zehnder  interferometric  sensors  based 
on  polarization  preserving  fibers  will  provide  localization  if  the  principle  axes  of  the  two 
fibers  are  aligned.  TTie  polarization  induced  visibility  variation  will  be  eliminated. 
Therefore,  for  precision  measurement  and  field  applications,  polarization  preserving  fibers 
and  components  are  recommended  [bj.  This,  nonetheless,  is  subject  to  the  availability  of 


« 


Fihi-r  Optic  Si'nstif.s  II  311 

the  high  performance  fiber  polarization  components,  such  as  polarizing  directional  couplers 
and  connectors  and  involves  the  difficult  tasks  of  laying  the  two  optical  fibers  into  the 
composite  material  with  their  polarization  axes  aligned. 

In  our  experiments,  the  .sensor  was  configured  as  Michelson  interferometer  with  active 
homodyne  phase  demodulation  (3|  as  shown  in  Fig. la.  The  sensor  response  to  high 
frequency,  low  amplitude  acoustic  signals  is  linearized  and  at  maximum  sensitivity.  The 
signal  fading  due  to  random  orientation  of  the  SOP  in  the  fiber  was  minimized  in  the 
laboratory  experiments  by  adjusting  the  input  SOP  and  securing  the  lead  fibers  against 
vibration  and  air  current  flow. 


Fig.  1(a)  The  Sensor  Configuration.  Fig.l  (b)  Experiment  for  Pulse  Measurement. 


Fig. 2  Acoustic  Emission  Spectrum. 


Fig.3  Ultra.sonic  Pulses  Detected. 
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In  the  first  instance,  the  fiber  optic  sensor  (FOS)  was  embedded  in  a  graphite/epoxy 
composite  specimen  (1"  x  10").  The  layup  of  the  specimen  was  1 0/0/90/90 (90) 90/90/0/0], 
where  {90)  denotes  the  position  and  orientation  of  optica!  fibers.  The  specimen  was 
subject  to  a  tensile  loading  with  an  lVITS-880  testing  system.  Fig. 2  shows  acoustic  emission 
signals  detected  by  the  FOS  resulting  from  damage  (crack  and  delamination)  created  during 
the  loading.  Using  Fourier  analysis,  the  relative  spectra!  characteristics  of  signals  detected 
were  examined. 

The  second  example  demonstrates  a  measurement  result  of  ultrasonic  pulse  delay  with  the 
optical  fiber  sensor.  The  sensor  is  embedded  in  an  epoxy  specimen  (Hysol 
TE6!75/MD.^56I )  of  approximately  1"  x  I  "  x  I"  in  dimension  and  the  experimental  setup 
is  revealed  by  Fig. It.  The  ultrasonic  pulses  was  generated  by  the  broadband  longitudinal 
transducer.  Fig. 3  shows  the  detected  pulse  and  the  echoes  reflected  from  the  surfaces  of 
the  cube. 

In  conclusion,  detection  of  elastic  strain  waves  for  nondestructive  evaluation  with  embedded 
ordinary  single-mode  fibers  in  an  interferometric  setup  was  discussed.  Sensors  based  on 
ordinary  single  mode  fibers  can  be  used  for  relative  ultrasonic  spectrum  analysis  and  pul.se 
delay  measurement  for  confined/localized  elastic  .strain  waves.  However,  in  addition  to  the 
visibility  vtiriation  due  to  random  fluctuations  of  the  birefringence  of  the  optica!  fibers  and 
the  input  SOP  orientation,  which  can  be  compensated,  the  ultrasonic  strain  wave  induced 
birefringent  phase  retardation  in  the  fiber  will  also  cause  sensitivity  viiriation  and  non- 
localization  in  the  sensor,  which  cannot  be  easily  compen.saied.  In  general,  absolute 
ultrasonic  amplitude  measurement  cannot  be  realized  using  ordinary  single  mcxle  fibers,  due 
to  the  anisotropic  nature  of  the  elastic  strain  waves.  However,  interferometers  based  on 
polarization  preserving  fibers  and  polari/atutn  components  can.  if  used  correctly,  overcome 
these  difficulties. 
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ABSTRACT:  The  perfonnance  of  a  novel  fiberoptic  composite  cure  monitor,  developed 
for  themioset  composite  fabrication  process  control,  is  discussed.  The  monitoring  system 
includes  a  sensing  fiber  manufactured  from  the  composite  resin  itself.  This  avoids 
incorporation  of  foreign  materials  into  the  composite  for  cure  monitoring  purposes. 
Fmbedded  all-glass  fibers  can  negatively  affect  the  composite  structure,  or  cause 
inhomogeneities  which  restilt  in  composite  delamination.  By  choosing  the  material  of  the 
monitoring  optical  waveguiilc  to  possess  similar  thermo-elastic  properties  to  those  of  the 
resin  of  the  composite,  the  inhomogeneities  ;ind  tissociated  negative  effects  within  the 
composite  are  avoided.  Proof  of  principle  was  shown  using  neat  resin  specimens  and 
pre-impregnated  graphite/epoxy  coupons. 


1.  INTRODUCTION 

The  work  described  in  this  manuscript  was  prompted  by  process  monitoring  requirements 
which  include  the  capability  of  detemiining  the  cure  state  of  composites  during  fabrication. 
In  addition  to  being  able  to  perfomi  an  in-situ  measurement  on  the  state  of  cure,  it  is 
desirable  to  do  so  by  using  sensors  which  can  be  embedded  deep  within  the  composite 
w  ithout  affecting  the  integrity  of  the  finished  component.  This  is  especially  critical  for  thick 
composites,  where  conditions  in  the  center  of  the  specimen  may  be  very  different  from 
those  on  the  outside  surfaces  where  temperature  and  pressure  are  usually  monitored.  The 
sensor  elements  to  be  embedded  must  therefore  be  as  non-intnisive  as  possible  either  by 
minimizing  their  size  or  by  manufactunng  them  out  of  materials  which  tire  either  identical  or 
very  similar  to  those  of  the  composite  itself  Embedded  fiber  optic  sensors  have  been 
proposed  by  Druy  el  al  (19S8).  and  used  for  cure  monitoring  applications.  Many  of  these 
sensors,  however,  are  intrusive  due  to  their  large  size  and/or  "incompatible”  material  type, 
often  deteriorating  the  composite's  structural  integrity.  Afromowitz  (1988)  suggested  to 
utilize  optical  fiber  sen.sors  made  out  of  the  composite  resin  itself  such  that  the  cure  can  be 
monitored  in  the  composite  without  affecting  its  structural  integrity.  Preliminary 
experiments  were  conducted  with  industrial  grade,  fast  cure  epoxies,  and  feasibility  was 
demonstrated.  It  has  been  shown  that  the  concept  can  be  used  not  only  with  fast  cure 
epoxies,  but  also  with  typical  composite  resins  and  pre-impregnated  laminates. 

2  THEORY 

The  proposed  composite  cure  monitor  correlates  the  resin  refractive  index  to  its  state  of 
cure.  The  refractive  index  change  of  the  resin  is  monitored  using  optical  fiber  waveguide 
techniques.  A  waveguide  fiber  is  manufactured  using  the  resin  material  of  the  organic 
matrix  composite  itself  After  insuring  that  the  resin  fibers  have  been  allowed  to  cure 
completely,  they  are  embedded  in  the  resin  to  be  monitored.  An  optical  signal  launched  into 
the  cured  resin  fiber  will  excite  a  number.  M,  of  optical  "modes"  given  approximately  by: 
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where  v,  the  waveguide  normalized  frequency,  is  given  hy  : 


V  = 


2;ra 

'~Y~ 


2  2  2 
(n.-n?) 


(1) 


(2) 


In  Equation  (2),  a  is  the  resin  fiber  diameter,  A.  the  operating  wavelength,  n]  the  refractive 
index  of  the  cured  resin  fiber,  and  n2  the  refractive  index  of  the  resin  to  be  monitored.  As 
the  resin  cures,  the  optical  power,  P,  transmitted  through  the  resin  fiber  changes  according 
to: 


dP  _  dP  dn? 
dt  dn2  dt 

where  dP/dn2  is  assumed  to  be  proportional  to  dM/dn2,  that  is: 


dP  dM 
dn2  dn2 

K  depends  on  several  f  actors  including  optical  launch  conditions  into  the  lead  fiber,  fiber 
interaction  length,  cure  temperature,  and  cure  pressure.  As  will  be  explained  in  the 
experimental  section,  a  reference  signal,  Pref.  will  be  tapped  from  the  optical  source  to 
compensate  for  .source  output  drift.  The  Normalized  Transmitted  Power  (NTP),  which  will 
be  related  to  the  state  of  cure,  is  given  by: 

NTP  =  i^  , 

Pro'  rst 


.T  RESULTS 

The  resin's  optimum  operating  wavelength,  i.e.,  the  wavelength  at  which  optical  loss  was 
minimized,  was  found  using  a  commercially  availabi''  fiber  spectrum  analyzer.  The  resin 
used  in  the  experiments  was  found  to  have  minimum  signal  attenuation  between  800  and 
1 1(X)  nm.  It  was  therefore  chosen  to  perform  the  experiments  using  a  CW  816  nm  laser 
source. 

Subsequent  to  manufacturing  and  curing  the  resin  fiber  sensors,  they  were  placed  in  a 
heating  assembly  as  shown  in  Eigure  1.  This  assembly  allowed  cure  monitoring  using  neat 
resin  specim.ens.  The  assembly  consisted  of  a  laser,  a  fiber  optic  splitter,  two 
photodetectors,  an  optical  power  meter,  two  lead  fibers,  a  resin  fiber  sensor,  a  heating 
bltKk,  and  a  GPIB  interface  to  a  personal  computer.  The  output  of  the  laser  was  split  into 
two  arms;  the  output  of  one  of  the  splitter  amts  was  sent  directly  to  photodetector  #  1  as 
reference  signal,  while  the  output  of  the  other  arm  was  launched  into  the  resin  fiber  through 
a  lead-in  fibei  The  output  of  the  resin  fiber  was  picked  up  by  a  lead-out  fiber  and  directed 
to  photodeteCior  #  2,  The  power  levels  of  the  two  detectors  were  p  ocessed  by  the  optical 
power  meter  and  pas.sed  on  through  a  GPIB  bus  to  a  computer  for  dai  i  acquisition.  An  A/D 
board  in  the  computer  also  allowed  acquisition  of  the  temperature  in  the  heating  block. 
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Figure  2  shows  the  results  of  monitoring  the  cure  of  thennoset  neat  resin  specimens  using 
the  assembly  of  Figure  1.  A  graph  of  Normalized  Transmitted  Power  (NTP)  and  its 
numerical  derivative  (dNTP/dt)  versus  time  of  cure  shows  how  NTP  decreases  steadily  as 
the  resin  cures,  while  dNTP/dt  which  is  indicative  of  the  rate  of  cure  approaches  zero. 


Fig.  1.  Thermoset  Neat  Resin  Cure  Monitoring  Set-Up. 
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Fig.  2.  Graph  Showing  NTP  and  dN  TP/dt  Versus  Cure  Time  for  the  Neat  Resin  Prtxtess. 

The  assembly  shown  in  Figure  1  was  also  used  to  monitor  the  cure  t)f  a  pre-impregnaied 
laminate  composite  coupons.  The  prepreg  laminates  were  placed  in  an  aluminum  mold 
which  contained  access  ports  through  which  the  resin  fiber  sensor  was  routed.  A  total  of  32 
prepreg  plies  f()°-9()°  orientation)  was  used;  the  resin  fiber  was  placed  between  the  12th  and 
13th  ply,  parallel  to  the  matrix  fibers.  Pressure  and  temperature  in  the  mold  were  applied 
using  a  1  ton  hot  press.  A  pre-cure  temperature  of  approximately  125  °C  wa.>  used  for  45 
minutes  to  condition  the  specimen  before  ramping  up  the  temperature  to  175  °C. 

Figure  3  shows  NTP  and  temperature  versus  cure  time,  and  clearly  demonstrates  the 
sensor's  behavior  both  during  the  pre-cure  conditioning  cycle  as  well  as  the  cure  cycle. 
During  the  45  minute  conditioning  period  NTP  falls  slowly,  already  indicating  the  presence 
of  resin  gelation.  As  the  temperature  is  increased  to  175  NTP  first  increases  due  to  a 
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decrease  in  the  resin  fiber  density,  then  drops  off  sharply  once  curing  sets  in.  Figure  4,  on 
the  other  hand,  shows  the  numerical  derivative  of  NTP  and  temperature  versus  cure  time. 
Again,  dNTP/dt  approaches  zero  as  the  composite  reaches  its  fully  cured  state. 


4.  SUMMARY 

The  feasibility  of  a  non-intrusive,  in-situ  fiber  optic  composite  cure  monitor  has  been 
demonstrated.  Experiments  were  conducted  using  both  neat  resin  and  pre-impregnated 
graphite/epoxy  specimens.  Results  indicate  that  the  cure  state  of  a  composite  can  be 
determined  by  monitoring  .Normalized  Transmitted  Power  (NTP)  through  the  resin  fiber 
waveguide.  Furthennore,  numerical  differentiation  of  NTP  seems  to  allow  monitoring  of 
composite  cure  rate.  Future  work  will  incltide  testing  of  the  cure  monitor  in  autoclave 
environments,  as  well  as  implementing  algorythms  for  process  control  purposes. 


Fig.  3.  Composite  Cure  Monitoring  Results  (NTP  vs  Time). 


Fig.  4.  Composite  Cure  Monitoring  Results  (dNTP  vs  Time). 
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Fiber  optic  sensors  and  architectures  for  large  structures 

Eric  Udd 

McDonnell  Douglas  Electronic  Systems  Company 
Santa  Ana,  California  92705 

Abstract 

'I'his  paper  provides  an  overview  and  design  considerations  for  fiber  optic  sensors  and 
architectures  that  are  particularly  well  suited  to  large  structures.  Issues  that  are  addressed  include 
embedding  fiber  optic  sensors  into  large  composite  structures,  performance  criteria  and  reliability  and 
maintainability. 


Introduction 

Advanced  aerospace  platforms  will  require  sensor  technology  to  monitor  the  environment 
surrounding  the  platfomi  as  well  as  the  structural  integrity  of  the  platform  itself.  Size,  weight,  immunity 
to  electromagnetic  interference,  and  environmental  ruggedness,  low  cost  and  reliability  arc  key 
characteristics  of  successful  candidate  technology.  Recently  fiber  optic  sensor  technology  h.is 
demonstrtited  several  advantages  when  compared  to  electronic  technology  for  advanced  aerospace 
platforms  (References  1  -.3|,  including  being  lightweight  and  nonobtrusive,  all  passive  configurations,  low 
power  utilization,  immunity  to  electromagnetic  interference,  high  sensitivity  and  bandwidth,  compatihiliiy 
with  optical  data  transmission  and  processing,  long  lifetimes  and  low  cost. 

These  features  can  be  key  drivers  in  reducing  the  overall  weight  and  size  of  advanced  aerospticc 
platforms  while  providing  increased  capability.  With  respect  to  weight  .savings  the  fibers  may  be 
embedded  directly  into  composite  materials  without  degrading  the  strength  of  the  parts  resulting  in  no  net 
increase  in  space.  The  small  size,  environmental  ruggedness  and  passive  nature  of  the  optical  fiber  makes 
this  feasible.  The  fiber  sensors  may  also  be  attached  to  the  surface  of  the  .structure  in  analogy  w  ith  current 
sensor  technology  and  still  offer  significant  advantages  as  the  absence  of  electromagnetic  interference 
eliittinates  the  need  for  costly  and  heavy  shielding  and  cabling  while  hardening  the  aerospace  platfomt  to 
electromagnetic  jamming,  damage  due  to  electromagnetic  pulses  and  lightning  .strikes.  Because  advanced 
aerospace  platforms  can  be  expected  to  be  called  upon  to  perform  in  increasingly  challenging  environments 
the  number  and  performance  requirements  can  be  expected  to  increase.  Fiber  optic  technology  is  uniquely 
suited  to  this  task  as  the  .sen.sors  may  be  multiplexed  and  their  high  sensitivity  potential  merges  neatly  w  ith 
the  high  bandwidth  capability  of  fiber  optics. 

This  paper  overviews  the  usage  of  fiber  optic  sensor  technology  in  large  aerospace  platforms  that 
could  be  used  to  support  health  monitoring  and  damage  assessment  functions  to  augment  survivt.biliiy , 
repairability,  and  maintainability  while  enhancing  performance  and  control  .systems  by  providing  llexihlc 
sensor  information  channels.  Technical  issues  and  tradeoffs  that  remain  to  be  addressed  are  described  in 
association  with  the  system. 


Fiber  Optic  Sensor  Svslem 

A  possible  configuration  of  a  fiber  optic  sensor  system  is  shown  in  Figure  1 .  A  series  of  fiber 
optic  sensor  strings  that  contain  in  line  multiplexed  fiber  optic  sensors  are  embedded  or  attached  to  the 
structure  to  be  monitored.  These  sensor  strings  are  configured  to  support  a  limited  number  of  fiber 
sensors,  nominally  ten,  in  order  to  (1)  improve  yield  and  hence  lower  the  cost  of  the  sensor  strings,  (2) 
simplify  processing  requirements.  (.3)  allow  for  rapid  reconfiguration  and  graceful  degradation  of  the 
system  when  damaged  and  (4)  improve  repairability  and  maintainability.  To  support  this  architecture  an 
optical  switch  is  used  to  sequentially  interrogate  the  sensor  strings.  This  switch  could  be  a  mechanical 
sw  itch  for  multimode  or  single  mode  fiber  optic  sensor  strings  or  it  could  be  an  integrated  optic  switch  to 
suppon  single  mode  sensor  strings.  While  it  is  anticipated  that  some  systems  might  allow  the  relaiivcK 
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slow  access  available  wiith  mechanical  switches  it  is  expected  that  future  high  performance  systems  will 
use  single  mode  integrated  optical  switches  supporting  single  mode  fiber  optic  sensor  strings.  Once  each 
string  is  accessed  by  the  switch  a  fiber  sensor  string  demodulator  will  be  used  to  separate  the  signals  from 
the  in  line  sensors  using  multiplexing  techniques  that  are  likely  to  include  time,  wavelength  and  frequency 
(Jiv  ision  methods.  The  output  from  the  demodulator  is  then  formatted  into  data  packets  and  sent  via  a  fiber 
optic  transmitter  to  a  system  signal  processor  that  does  preprocessing  necessary  to  support  the  onboard 
control  systems  such  as  vehicle  health  management  and  damage  assessment. 

Figure  2  illustrates  how  the  embedded  fiber  optic  sen.sor  system  might  be  integrated  into  an 
avionics  system  specifically  the  Air  Force  Pave  Pillar  structure.  The  output  from  the  embedded  sensor 
system  could  enter  the  avionics  through  a  number  of  paths.  One  of  the  most  likely  scenarios  would  be  for 
the  output  of  the  system  signal  processor  to  be  fed  directly  into  the  vehicle  health  management  bus.  Tliis 
data  would  then  be  used  by  the  vehicle  health  management  system  proce.ssors  to  formal  the  data  into  a 
form  usable  by  the  mission  avionics  mulriplex  bus.  This  information  would  then  be  processed  for  display 
to  the  pilot  and  or  used  to  correct  mission  profiles.  The  information  from  the  embedded  sensor  system 
could  also  be  used  for  flight  control  and  used  to  directly  suppon  instrumentation  display*. 

Fiber  Sensor  Consideralions 

While  there  are  many  fiber  optic  sensors  that  have  been  or  are  being  developed  there  are  a  number 
of  issues  that  limit  the  number  of  sensors  that  currently  appear  to  be  good  candidates.  Specifically  becau.se 
connectors  and  points  of  ingress  and  egress  out  of  the  parts  are  relatively  difficult  (1)  a  single  point  of 
ingress  and  egress  is  highly  desirable.  This  is  especially  important  for  the  case  of  large  structures  that  are 
made  using  material  winding  techniques  such  as  those  employed  in  making  a  composite  tank  for  a  launch 
vehicle  as  is  shown  in  Figure  3.  Here  the  fiber  sensors  would  be  wound  into  the  part  with  the  composite 
filament  and  could  be  used  to  support  the  manufacturing  process.  The  embedded  sensors  could  then  be 
used  to  augment  nondestructive  evaluation  and  support  vehicle  health  management  systems.  In  order  to 
avoid  issues  associated  with  the  structural  integrity  of  the  part  (2)  the  sensors  should  be  no  larger  than  the 
fiber  diameter.  Due  to  the  large  number  of  sensors  expected  to  be  needed  for  large  structures  (3)  the 
sensor  strings  should  be  readily  manufacturable  at  low  cost  and  (4)  the  sensors  should  be  resistant  to 
fiuctuations  in  signal  level  caused  by  connector  and  cable  loss.  When  these  conditions  are  evaluated  tw  o 
of  the  most  promising  candidates  are  etalon  [References  4-5|  and  grating  [References  6-8[  based  sensor 
strings.  Each  of  these  sensor  types  can  be  multiplexed  [Reference  9|  using  time  and  wavelength  division 
techniques  in  single  ended  configurations.  They  can  be  designed  to  be  no  larger  than  the  fiber  diameter 
and  appear  to  be  amenable  to  low  cost  manufacturing.  Becau.se  these  .sensors  use  spectral  encoding  of 
their  signals  they  also  meet  the  criteria  for  resistance  to  signal  degradation  due  to  connector  or  cable 
attenuation  fluctuations.  For  large  structures  however  there  are  still  issues  for  these  sensors  that  involve 
the  cost  of  very  large  numbers  of  sensors  and  the  signal  processing  needed  to  support  them. 

One  way  to  address  the.se  issues  is  to  use  two  sets  of  sensors.  One  set  would  be  a  very  low  cost 
set  of  sensors  based  on  microbending  or  distributed  sensing  which  would  support  a  large  low  cost  array 
that  would  be  used  to  sense  the  general  location  of  damage  or  a  change  in  status  of  the  structure.  The 
finer,  high  performance  sensor  string  consisting  of  etalon  and  or  grating  .sensor  strings  would  then  he 
configured  to  accurately  assess  the  situation. 

Aerospace  Apolications 

There  are  many  potential  applications  of  embedded  sensor  systems  on  hoard  aerospace  plalfonns 
and  the  advantages  of  light  weight,  .small  size  and  immunity  to  electromagnetic  interference  are  compelling. 
Examples  would  include  monitoring  icing  condition.*  on  wing.s,  excess  vibration  in  jet  engines,  weight 
distribution  prior  to  take  off.  and  in  flight  and  routine  structural  assessments  to  augment  flight  control  and 
improve  maintenance. 
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As  an  example  of  the  problems  that  must  be  solved  consider  a  wing  structure  that  is  10m  by  2m. 
Ideally  structural  information  for  this  wing  might  be  supported  by  strain  sensors  with  10  cm  spacing.  This 
would  involve  2000  strain  measurement  per  surface  of  the  wing.  If  ten  sensors  were  supported  by  each 
.sensor  string  this  would  result  in  200  su'ings  that  would  have  to  be  integrated  and  processed.  Eventually 
this  type  of  system  may  be  realizable,  the  more  likely  near  term  scenario  is  a  limited  number  of  sensor 
surngs  supporting  a  less  capable  vehicle  health  management  system  that  would  still  be  substantially  better 
than  the  best  systems  used  today. 

Other  examples  of  aerospace  applications  would  include  the  usage  of  fiber  optic  sensors  to  provide 
stabalization  and  damping  of  vibrations  on  large  lightweight  space  platforms  of  the  future  and  advanced 
launch  systems. 


Summary 

An  architecture  for  an  embedded  sensor  system  has  been  described  and  consideration  given  for  the 
selection  of  embedded  sensors  to  support  it. 
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Distributed  fiber  optic  sensors 


JP  Kurmer  and  A  A  Boiarski 
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ABSTRACT:  A  summary  of  Battelle’s  recent  efforts  in  distributed  fiber  optic 
sensor  technology  is  discussed.  The  first  is  a  temperature  sensor  based  on  optical 
time  domain  reflectometry;  while,  the  second  utilizes  an  interferometric  technique 
to  sense  acoustic  waves  for  the  detection  of  leaks  within  gas  or  fluid  filled  pipes. 

1.  INTRODUCTION 

A  significant  advantage  of  the  distributed  sensing  approach  is  its  ability  to  provide 
continuous  high-spatial  resolution  monitoring  of  the  measurand  at  many  locations  within 
a  structure  using  a  single  length  of  optical  fiber.  This  is  in  contrast  to  the  point  sensor 
approach  in  which  an  optical  fiber  is  required  to  be  routed  from  the  data  collection 
point  to  the  sensing  point  for  each  and  every  measurement  to  be  made. 

We  present  two  distributed  fiber  optic  sensor  systems  currently  being  developed  by 
Battelle  for  the  electric  power  industry.  The  first  is  a  temperature  sensing  system  based 
on  Rayleigh  backscattering  from  the  fiber  cladding  and  utilizes  optical  time  domain 
reflectometry  (OTDR)  techniques.  The  second  system  is  .an  acoustic  sensor  for 
detecting  and  locating  leaks  within  high  pressure  fluid-filled  (HPFF)  pipes. 

2.  DISTRIBUTED  TEMPERATURF  SENSING 

Distributed  fiber  optic  temperature  sensing  is  currently  an  active  area  and  several 
review  articles  have  been  written  (Rogers  1986,  Twerdochlib  1989).  In  Battelle's 
approach,  the  temperature  sensitive  fiber  is  formed  by  coating  a  modified,  ultraviolet- 
light-curable  polymer  material  onto  a  core  glass  during  fiber  production.  By 
monitoring  the  changes  in  Rayleigh  backscattered  light  from  the  fiber,  local  temperature 
changes  can  be  measured  along  the  fiber  length.  An  OTDR  in  conjunction  with  a 
personal  computer  are  used  to  collect  and  analyze  the  Rayleigh  backscattered  data.  A 
15  meter  long  sensing  fiber  was  used  in  the  demonstration  experiments,  shown  in 
Figure  1.  The  fiber  is  looped  twice  through  a  0.5  meter  long  tube  heater  to  provide 
two  hot  spots  of  identical  temperature  located  approximately  2.5  meters  apart. 
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Typical  relative  backscattered  light  intensity  data  are  shown  in  Figure  2.  The  reference 
signal  shows  the  backscattered  intensity  as  a  function  of  distance  while  the  heater  is  at 
room  temperature.  Also  shown  is  the  backscattered  intensity  when  the  heater  is  at 
105  C.  Notice  that  as  the  temperature  is  increased  in  localized  regions  of  the  fiber  the 
relative  backscattering  decreases.  A  theoretical  model,  used  to  predict  the  change  in 
scattering  intensity  due  to  the  elevated  temperature,  (dB,),  is  based  on  the  work  of 
Gloge  (1971)  and  is  in  good  agreement  with  the  experimental  data.  The  value  of  dB, 
changes  slightly  with  distance  along  the  length  of  the  fiber  and  can  be  easily  corrected 
for  in  the  data  reduction.  It  is  presently  postulated  that  the  length  effect  is  associated 
with  mode  mixing  effects  within  the  optical  fiber.  Figure  3  shows  both  the  dB,  length- 
corrected  and  original  temperature  data  along  the  length  of  the  fiber. 

The  spatial  temperature  resolution  along  the  fiber  is  shown  in  Figure  4.  Here,  several 
hot  zones  were  established  with  variable  lengths.  The  fiber  can  accurately  track  the  hot 
regions  of  50  cm,  25  cm,  and  10  cm  lengths.  Current  spatial  resolution  of  the  system 
i-  on  the  order  of  8  cm. 
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Fig.  1.  Schematic  of  sen.sor  system  test  setup  Fig.  2.  Relative  OTDR  signal  and  reference 

intensities  for  two  105  C  hot  spots 


Fig.  3.  Temperature  data  along  fiber  for 
two  105  C  hot  spots 


Fig.  4.  Relative  OTDR  signal  for  variable 
hot  spot  width 
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A  summary  of  the  overall  performance  goals  for  the  system  developed  were; 

•  Temperature  accuracy;  +  2  C  •  Sensor  length;  >  20  meters 

•  Temperature  range;  20-150  C  •  Length  resolution;  0.1  meters 

The  current  apolic?tir>n  of  thif  system  is  in  temperature  and  performance  monitoring  of 
generator  windings  and  switch  gear  circuit  breakers  for  the  power  industry.  Future 
applications  include  the  monitoring  of  transmission  lines,  and  transformers. 

3.  DISTRIBUTED  ACOUSTIC  SENSING 

Another  fiber  optic  sensor  system  being  developed  by  Battelle  is  based  on  the  Sagnac 
interferometer  and  will  be  used  to  sense  the  acoustic  emission  at  HPFF  pipe  leak  sites. 
In  the  Sagnac  interferometer,  Figure  5,  commonly  employed  as  a  rotation  sensor,  the 
output  of  a  laser  or  light  emitting  diode  is  split  into  two  beams  and  directed  into  two 
counter-propagating  directions  around  a  coil  of  optical  fiber.  By  rotating  the  fiber,  the 
optical  path  lengths  become  imbalanced,  the  two  beams  arrive  out  of  phase,  and 
destructive  interference  can  occur.  This  is  known  as  the  Sagnac  effect  and  is  one  of  the 
few  non-reciprocal  effects  in  such  an  interferometer  (Culshaw  1984,  Dakin  1988,  Dakin 
1989,  Ezekial  1982).  This  system  can  also  be  employed  to  detect  localized,  pressure 
disturbances  impinging  on  an  optical  fiber  (Dakin  1987,  Dakin  1990). 

The  theoretical  pressure  sensitivity  for  the  fiber  optic  phase  modulator  currently  being 
designed  is  approximately  3.1  x  10  '  radians/meter/pascal  at  an  operating  wavelength  of 
1.3  pm.  The  theoretical  carrier  to  noise  ratio  (CNR)  for  the  Sagnac  interferometer  is 
147.6  dB  re  1  mW  re  1  Hz.  The  1  mW  reference  is  the  input  into  the  interferometer. 
From  the  CNR,  we  can  calculate  that  the  minimum  detectable  phase  deviation  is 
3  X  10  ®  radians/\/Hz  re  1  mW.  From  the  phase  modulation  sensitivity  and  the 


For  L  =  1  km. 

Photodetector  Tau  is  approximately  5  microseconds 

and  100  kHz 

Output 


Fig.  5  The  Sagnac  interferometer 
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minimum  detectable  phase  deviation,  we  find  that  the  minimum  detectable  pressure  is 
1000  pPdJm  a/Hz  re  1  mW,  which  is  equivalent  to  60  dB  re  1  ^Pa/VHz  re  1  mW. 

4.  SUMMARY 

The  temperature  sensor  system  developed  met  or  exceeded  the  measurement  goals  for 
monitoring  generator  windings.  The  temperature  measurement  range  for  the  sensor  was 
0-150  C  and  the  estimated  measurement  accuracy  was  ±  5  C.  Approximately  20 
meters  of  sensor  fiber  could  be  interrogated  with  a  length  resolution  of  10  cm. 
Modification  of  the  fiber  core  and  cladding  materials  should  provide  a  sensing  fiber 
length  greater  than  200  meters.  Additionally,  changes  in  the  numerical  algorithms 
should  increase  the  temperature  accuracy  of  the  system. 

The  acoustic  sensor  being  developed  has  a  theoretical  sensitivity  of 
1000  fiPa/m  ■^/Hz  re  1  mW.  An  HPFF  test  chamber  has  been  designed  and  built  to 
evaluate  its  applicability  for  leak  sensing  and  leak  location  determination.  The  system 
currently  being  developed  should  be  applicable  to  both  liquid  and  gas  systems.  The 
fiber  optic  system  has  been  built,  and  preliminary  tests  indicate  very  good  agreement 
with  theory.  Further  work  is  under  way  to  improve  the  sensitivity  of  the  interferometer 
system  to  allow  detection  of  very  weak  acoustic  emissions. 

The  fiber  sensing  technology  being  developed  for  the  electric  power  industry  is  believed 
to  be  directly  applicable  to  the  manufacturing,  dynamic  performance  health  monitoring 
and  failure  mode  analysis  of  smart  structures. 
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Optica!  Sber  sensor-based  smart  materials  and  structures 
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Blacksburg,  VA  24061 

ABSTRACT;  Optical  fiber  sensors  may  be  used  to  analyze  the 
properties  of  materials  and  structures  during  their  fabrication,  in- 
service  and  degradation  phases.  Fiber  sensor  methods  allow  the 
measurement  of  a  wide  range  of  physical  observables  and  the  fibers 
themselves  may  be  attached  to  or  embedded  within  polymer,  ceramic 
and  metal-based  materials.  This  paper  outlines  fiber  sensor 
technology  for  "smart"  materials  and  structures. 

1,  INTRODUCTION 

Optical  fibers  have  been  developed  for  applications  in  measurement 
science  during  the  past  fifteen  years.  Fiber  sensors  may  be  configured 
to  measure  a  wide  variety  of  physical  observables  including  strain, 
temperature,  vibration,  chemical  concentrations,  acoustic  and 
ultrasonic  waves,  and  displacement  [1].  More  than  ten  years  ago,  fiber 
sensors  were  embedded  in  advanced  polymer-based  composites  by  the 
first  author  to  measure  strain  and  temperature  [2].  Since  that  time, 
fiber  sensor  methods  have  progressed  to  allow  more  quantitative 
measurements  of  these  primary  effects  as  well  as  information 
concerning  secondary  materials  effects  such  as  crack  propagation,  ply- 
ply  delaminations  in  composite  laminates,  and  material  damage  caused 
by  impacts.  At  the  same  time,  parallel  developments  in  specialized 
fiber  and  coating  materials  and  signal  processing  have  allowed  the 
application  of  fiber  sensor  methods  to  a  broader  class  of  materials 
analysis  problems  with  improved  signal  analysis  capabilities.  This 
paper  outlines  uses  of  fiber  sensors  for  the  analysis  of  material  and 
structural  properties  and  suggests  future  directions. 

2.  EMBEDDED  OPTICAL  FIBER  SENSORS  IN  MATERIALS 

The  usual  concept  of  "smart"  materials  assumes  that  sensor  signal 
processing  and  actuation  functions  are  somehow  built  into  the  material, 
either  by  the  incorporation  of  individual  elements  or  by  the  development 
of  materials  with  inherent  sensory  and  actuation  capabilities.  Optical 
fibers  embedded  as  sensors  are  of  potential  concern  because  they  may 
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perturb  the  integrity  of  the  material  and  because  their  connectorization 
and  networking  pose  technological  challenges.  Recent  work  has  shown 
tha*  major  concerns  here  are  1)  the  orientation  of  the  sensor  fiber  with 
respect  to  the  host,  2)  the  size  of  the  sensor  fiber  with  respect  to  the 
host  composite  fibeis,  3)  the  properties  of  the  fiber  coating,  and  4)  how 
the  fiber-to-matrix  interface  fails  under  load.  Additionally, 
application-related  systems  problems  demand  solutions  to  sensor 
repair  and  connectivity. 

Recent  research  has  addressed  some  of  these  problems  and  perhaps 
identified  solutions  to  others  Initial  studies  of  fiber  embedding  were 
performed  by  Czarnak  and  coworkers  at  Virginia  Tech  in  1987  [3]; 
similar  work  has  been  considered  by  others  [4,  5].  Czarnak  found  that 
strain  concentrations  of  as  much  as  twenty  occurred  at  the  interface 
between  embedded  optical  fiber  sensor  elements  and  the  surrounding 
matrix  in  composite  laminates.  More  recent  work  has  considered  the 
movement  of  fiber  sensors  during  the  embedding  and  curing  process  [6], 
methods  for  the  manufacturing  of  so-called  ’’low  profile"  fibers  having 
outer  glass  waveguide  diameters  of  as  little  as  35  microns  [7],  thus 
improving  embedding  properties,  and  the  effect  of  the  quality  of  the 
fiber-to-matrix  bond  on  material  failure  characteristics  [8]. 

Also,  methods  have  been  suggested  to  allow  the  repair  and  retrofitting 
of  damaged  fiber  sensor  elements  [9].  Practical  connector  technology 
has  not  emerged  to  allow  the  interconnection  of  materials  containing 
optical  fiber  sensor  elements  or  networks  [10]. 

3.  OPTICAL  FIBER  SENSORS  FOR  MATERIALS  ANALYSIS 

Optical  fiber  sensors  may  be  used  to  measure  numerous  material 
properties.  This  section  reviews  current  applications  and  limitations. 

During  the  lifetime  of  material  and  structural  systems,  optical  fiber 
sensors  may  first  be  applied  to  the  measurement  of  their  fabrication. 

For  some  composite  materials,  this  means  cure  monitoring  and  the 
general  concern  often  is  what  set  of  parameters  is  required  to 
determine  properties  to  insure  quality  of  resulting  parts.  Methods 
which  use  specialized  optical  fibers  to  determine  changes  in  1)  the 
local  resin  chemistry  [11],  2)  the  index  of  refraction  of  the  resin  near 
the  tip  of  a  fiber  probe  [12],  and  3)  local  modulus  via  the  monitoring  of 
ultrasonic  wave  propagation  [13],  have  been  developed  and 
demonstrated.  Generally  more  complicated  optical  fiber  sensor  methods 
have  been  employed  to  additionally  monitor  the  fabrication  conditions 
for  such  materials,  including  material  removal  operations. 

During  the  normal  lifetime  of  "smart"  materials,  fiber  sensors  have 
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temperature  may  be  measured  using  a  variety  of  optical  fiber  methods. 
Recent  developments  have  been  extrinsic  Fabry-Perot  interferometric 
(EFPI)  devices  [14]  and  in-line  fiber  gratings  [15];  both  yield  short  gage 
length  information  and  may  offer  multi-element  multiplexing. 

Vibration  has  been  measured  most  effectively  using  two-mode 
elliptical-core  fiber  sensors,  having  limited  gage  lengths  from 
centimeters  to  tens  of  meters  in  length  and  with  insensitive  lead-in  and 
lead-out  fiber  sections  [16].  The  analysis  and  control  of  specific  mode 
shapes  in  vibrating  structures  has  been  approached  both  by  controlling 
the  location  of  the  sensors  on  the  vibrating  structures,  and  by  varying 
the  sensitivity  of  the  sensor  fibers  along  their  lengths.  Such  weighted 
sensors  may  have  applications  in  sensor  array  functions  for 
environmental  fields  other  than  vibrational  [17]. 

Optical  fiber  sensors  have  also  been  used  for  the  analysis  of  damage  in 
composites  in  several  ways.  One  has  been  to  use  embedded  arrays  of 
selectively  etched  fibers  which  break  locally  when  the  host  material  is 
impacted  [18].  Although  this  method  is  destructive  in  that  the  fiber 
sensor  is  not  operational  after  one  impact,  it  does  give  qualitative 
information  concerning  impact-induced  events.  Quantitative  analyses 
of  impact,  delamination  and  crack  initiation  and  propagation  have  been 
obtained  using  in-line  EFPI  sensors  to  detect  ultrasonic  waves  [19], 
crack  opening  displacements  [20],  and  strain  field  variations  [21], 

4.  SUMMARY 

Optical  fiber  sensors  have  been  developed  during  the  past  decade  for 
applications  in  the  analysis  of  materials  and  structures.  This  brief 
discussion  has  outlined  some  of  the  major  application  areas.  The 
following  references  should  provide  more  detail. 
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ABSTRACT:  Experimental  and  theoretical  studies  by  researchers  in  several  countries  over 
the  last  30  years  have  shown  that  the  generation  of  a  traveling  wave  on  the  surface  of  a 
moving  body  may  reduce  drag.  A  laboratory-scale  investigation  using  wave  parameters 
identified  in  recent  CFD  studies  will  further  understanding  of  the  physics  of  traveling  wave 
behavior.  Requirements  for  an  active  wall  test  device  are  discussed  in  the  light  of  previous 
experience  and  new  developments  in  active  materials  and  adaptive  structures. 


1 .  TRAVELING  WAVE  CONCEPT 

The  possibility  of  using  vortical  flow  to  reduce  drag  has  been  known  for  a  number  of  years. 
Suitably  positioned  transverse  slots  can  result  in  entrained  vortices  and  a  significant  reduction 
in  end  drag  over  the  closure  of  a  bluff  body.  In  addition,  experiments  at  NASA  Langley  have 
shown  that  ordered  periodic  vorticity  injected  into  a  turbulent  boundary  layer  near  a  wall 
results  in  about  25%  drag  reduction  over  nominal  flat  plate  values. 

A  related  concept  in  fluid  flow  dynamics  has  been  investigated  with  a  view  to  improving  the 
hydrodynamic  performance  of  underwater  vehicles.  A  traveling  wave  with  specified  and 
controllable  phase  velocity,  amplitude,  wavelength  and  shape  is  used  to  generate  and  trap 
vonices  in  the  troughs  of  a  flexible  wall  (Figure  1).  The  resulting  secondary  flow  condition 
cannot  be  classified  as  conventional  laminar,  transitional  or  turbulent  flow,  but  rather 
constitutes  a  new  regime  described  as  "controlled  vortical  flow".  Analytical  studies  (Wu  et 
al.,  1990)  have  shown  that  an  appropriate  tailoring  of  traveling  wave  to  flow  parameters 
results  in  ordered  vortical  flow  and  an  associated  reduction  in  drag  to  a  level  substantially 
below  flat  plate  values.  Further  computational  verification  of  the  traveling  wave  concept  will 
likely  be  costly,  and  may  not  engender  the  same  level  of  confidence  as  an  experimental 
demonstration.  Thus  the  need  for  a  practical  investigation  has  been  identified. 
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Figure  1.  ElementsofTraveling  Wave  Flow 
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2.  PROOF-OF-CONCEPTINVESTIGATION 

The  principal  objectives  of  the  proposed  experimental  investigation  of  traveling  wave  behavior 
are  to  demonstrate  vortex  entrapment  in  the  troughs  of  a  traveling  wave  using  flow 
visualization  techniques,  to  determine  the  combinations  of  wall  and  flow  parameters  giving 
drag  reduction,  and  to  assess  the  trade-off  between  the  energy  required  for  wall  activation  and 
the  energy  gained  through  drag  reduction. 

Experimental  demonstration  of  the  traveling  wave  concept  is  a  multidisciplinary  problem 
involving  aspects  of  hydrodynamics,  materials,  and  control  systems  technologies.  In 
particular,  practical  demonstration  of  a  controlled  vortical  flow  regime  will  involve  the  design 
and  fabrication  of  some  kind  of  flexible  wall  device.  A  traveling  wave  with  specified 
parameters  (see  below)  will  be  used  to  generate  and  trap  vortices  in  the  troughs  of  a  flexible 
wall.  An  active  wall  is  defined  as  one  which  uses  energy  from  an  external  source  for 
deformation,  in  contrast  to  a  passive  wall  which  uses  energy  from  the  flow  to  deform.  For  the 
purposes  of  the  proposed  proof-of-concept  investigation  an  active  wall  has  been  identified  as 
the  more  attractive  option,  since  it  offers  the  experimenter  a  high  degree  of  control,  thereby 
eliminating  the  need  for  extensive  instrumentation  to  measure  traveling  wave  parameters. 

3.  ACTIVE  WALL  TEST  DEVICE 

Computational  fluid  dynamics  (CFD)  studies  of  traveling  wave  behavior  have  shown  that  the 
amplitude-to- wavelength  ratio,  aJX,  and  ratio  of  wave  velocity  to  freestream  velocity,  cAJeo, 
are  critical  parameters  influencing  vortex  entrapment  and  establishment  of  a  controlled  vortical 
How.  Parameter  ranges  of  interest  are; 

0.10<^  <0,25 
=  0.5 

Target  ranges  for  active  wall  parameters  have  been  defined  on  the  basis  of  the  above  values, 
together  with  information  on  wavelength,  freestream  velocity,  and  Reynolds  number  (based 
on  wavelength)  for  practical  applications.  The  need  to  reduce  complexity  and  minimize  costs 

has  also  been  taken  into  account.  Wavelengths  (A.)  should  be  in  the  range  5  to  20  cm,  and  the 

active  device  length  (L)  should  incorporate  at  lea.st  10  wavelength.s,  i.e.  L  >  10  A..  Amplitudes 
of  oscillation  should  be  in  the  range  0.5  to  5  cm  such  that  (1)  is  satisfied.  Frequencies  of  10 
cO  100  Hz  and  wave  velocities  of  2  to  5  m.s"'  are  required. 

One  of  the  major  design  goals  for  an  active  wall  test  device  is  that  the  wave  amplitude, 
together  with  two  of  the  three  related  parameters  -  wavelength,  wave  velocity  and  frequency  - 
should  be  independently  controllable.  Tlie  potential  to  investigate  various  waveforms  would 
be  an  added  advantage.  No  definitive  conclusions  have  been  reached  regarding  the  relative 
merits  of  2-D  (plate)  and  3-D  (axisymmetric  body  of  revolution)  devices.  It  has  been 
postulated  that  drag  measurements  may  be  easier  using  a  towed  3-D  device,  whereas 
investigation  of  ranges  of  wall  and  flow  parameters  and  flow  visualization  experiments  may  be 
more  readily  performed  using  2-D  test  plates. 

4  PREVIOUS  EXPERIENCE 

A  number  of  active  wall  devices  have  been  reported  in  the  literature  over  the  last  20  years. 
The  relevant  articles  have  been  reviewed  in  some  detail  in  order  to  avoid  unnecessary 
duplication  of  existing  results  and  to  benefit  from  the  experience  of  previous  researchers.  The 
choice  of  acniator  type  is  seen  to  be  critical  in  determining  traveling  wave  parameters,  notably 
amplitude  and  frequency.  The  majority  of  devices  di.scussed  in  the  literature  are  mechanically- 
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driven  systems  of  the  tyjje  shown  schematically  in  Figure  2.  These  devices  utilize  a  series  of 
cams  positioned  on  a  camshaft  with  a 

successive  phase  difference  between  _ ^ 

adjacent  cams.  These  systems  are  flow 
generally  fixed  amplitude  and  wavelength 
devices,  although  frequency  and 
wavespeed  can  be  varied  by  altering  the 
speed  of  rotation  of  the  camshaft.  The 
number  of  actuator  elements  per 
wavelength  is  important  in  determining  the 
wave  profile.  Since  the  cost  of  any 
traveling  wave  device  increases  with  the 
total  number  of  actuators  used,  it  is 
desirable  to  select  the  minimum  number  of 
driving  elements  to  achieve  the  required 
waveform.  Eight  actuators  per  wavelength 
are  generally  believed  to  be  necessary  to 
achieve  a  satisfactory  sine  wave  profile. 

Most  of  the  active  wall  devices  described  in  the  literature  were  designed  for  amplitude-to- 
wavelength  ratios,  a/X,  significandy  lower  than  the  desired  range  identified  in  the  present  CFD 
studies.  Unfortunately,  most  investigators  who  claim  to  have  measured  a  reduction  in  drag 
(or  even  a  thrust  force)  using  an  active  wall  device  have  not  documented  their  experiments  in 
sufficient  detail  for  parameter  ranges  to  be  identified  unambiguously. 

.“i .  CANDIDATE  ACTUATOR  SYSTEMS 

The  active  wall  test  device  required  for  a  traveling  wave  proof-of-concept  experiment 
constitutes  an  adaptive  structure.  In  order  to  achieve  the  shape  control  associated  with 
traveling  wave  generation,  actuators  must  be  incorporated  in  the  active  wall  system.  The 
following  candidate  actuators  have  been  reviewed  in  the  light  of  present  requirements  and 
recent  developments  in  active  materials  technology: 

•  mechanical 

•  pneumatic 

•  hydraulic 

•  piezoelectric  and  electrostrictor 

•  shape  memory  alloy 

•  electromagnetic 

•  magnetostrictor 

•  electrically  conductive  polymer 

The  requirement  for  wave  amplitudes  >  0.5  cm  combined  with  frequencies  in  the  range  10  to 
lOOHz  imposes  severe  restrictions  on  actuator  systems,  many  of  which  are  either  frequency- 
or  amplitude-limited.  In  general,  the  requirement  for  wavelengths  on  the  order  of  10  cm  can 
be  readily  accommodated. 

The  frequencies  of  mechanically-driven  active  wall  devices  described  in  the  technical  literature 
are  generally  <  30  Hz.  Some  difficulties  may  be  anticipated  in  combining  amplitudes  on  the 
order  of  1  cm  with  frequencies  greater  than  ~  30  Hz  and  a  mechanical  device  designed  to 
operate  under  these  conditions  would  need  to  be  reasonably  robust.  Ideally,  a  test  device 
would  be  designed  such  that  wavespeed,  amplitude  and  frequency  could  be  varied 
independently.  However,  the  feasibility  of  achieving  this  degree  of  flexibility  with  a 
mechanically-driven  device  has  not  been  demonstrated  to  date. 

Recent  progress  in  developing  shape  memory  alloys  (SMA's),  such  as  Nitinol,  has  resulted  in 
helical  actuators  which  can  produce  deformations  on  the  order  of  1  cm.  However,  difficulties 


Figure  2;  Schematic  of  Mechanically  -  Driven 
Active  Wall  Device 

l=rubber,  2=cam,  3=camshaft,  4=motor 
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in  rapid  cooling  of  SMA  wires  limit  the  frequency-response  of  state-of-the-art  actuators  to  a 
few  Hertz,  even  using  active  cooling.  Both  pneumatic  and  hydraulic  systems  are  also  limited 
to  frequencies  below  10  Hz. 

Piezoelectric,  electrostrictor  and  magnetostrictor  actuators  are  all  amplitude-limited  (<  0.01 
cm),  despite  recent  significant  enhancements  in  maximum  strain  values.  An  active  wall  device 
using  piezoelectric  ceramic  actuators  (PZT)  has  been  developed  (Park,  Silvus  and  Cerwin, 
1985).  Amplitude,  frequency  and  velocity  of  the  traveling  wave  are  all  independently 
controllable,  making  this  device  extremely  flexible  in  terms  of  parameter  refinement.  The  use 
of  an  electronic  drive  system  permits  the  generation  of  a  traveling  surface  wave  of  arbitrary 
shape.  However,  wave  amplitudes  are  small  (<  13  microns),  and  even  the  use  of  state-of-the- 
art  piezoelectric  actuators  could  not  produce  deformations  on  the  order  of  1  cm. 

The  possibility  of  using  the  attractive  and  repulsive  forces  between  electromagnets,  or  between 
an  electromagnet  and  a  permanent  magnet,  has  been  proposed  as  a  means  of  generating  a 
traveling  wave.  A  device  described  in  a  Soviet  Inventor’s  Certificate  (Kim,  Afonin  and 
Bondarenko,  1972)  uses  damping  fluid  between  the  hull  and  outer  skin,  and  a  hii!!  mounted 
inductor  provides  a  variable  electromagnetic  field.  The  purpose  of  the  device  is  "to  reduce  the 
frictional  drag  of  underwater  vessels".  Unfortunately,  no  performance  data  are  available  by 
which  to  assess  the  suitability  of  electromagnetic  systems  for  a  traveling  wave  proof-of- 
concept  experiment,  or  for  practical  applications. 

Electrically  conductive  polymers  are  generally  made  by  doping  of  insulating  polymers. 
Certain  dopant/polymer  combinations  exhibit  dimensional  changes  of  up  to  10%  in  length 
associated  with  the  insulating/conducting  transition.  Hence,  these  materials  may  be  used  as 
actuators  converting  electrical  to  mechanical  energy.  However,  conductive  polymer  actuators 
have  not  yet  been  sufficiently  investigated  to  be  considered  serious  candidates  for  an  active 
wall  test  device. 

6.  CONCLUSIONS 

A  laboratory-scale  experimental  investigation  has  been  identified  as  a  logical  next  step  in 
furthering  current  understanding  of  the  physics  of  the  traveling  wave.  The  most  cost-effective 
near-term  option  for  an  active  wall  device  appears  to  be  a  mechanically-driven  system  with 
variable  wavespeed  and  frequency,  together  with  variable  amplitude  or  wavelength.  Such  a 
device  is  expected  to  be  noisy  and  cumbersome,  and  unsuited  to  underwater  vehicle 
applications.  Practical  implementation  of  the  traveling  wave  concept  to  reduce  drag  will  likely 
involve  significant  developments  in  state-of-the-art  active  materials  and  adaptive  structures,  or 
the  implementation  of  a  tailored  auto-oscillatory  system. 
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Abstract.  I  liis  paper  presents  sevt'ral  .applications  of  iotnza!>le  p«)lyineric  gels  tliat 
are  '-apable  of  iiiKierg<Mfig  substantial  expansions  and  contractions  when  subjected  to 
•  hanging  pH  envirotnnents.  temperature.  (»r  solvent.  C’onr<q>tual  <lesigns  for  smart,  elec- 
tri<  aliy  a<  tivated  devii  es  exploiting  this  phenomenon  are  thscussed.  These  devices  have 
the  f)ossibiIity  of  being  manipulated  via  active  computer  control  a.s  large  displacement 
a<  tuat*)rs  for  use  in  adaptive  stnn  tures. 

Ihe  enabling  technology  of  t  liese  novel  devices  is  the  use  of  compliant  containers  for 
tlie  gels  and  their  solvent.s,  removing  the  diffn  ulties  associated  with  maintaining  a  hatn 
for  tlie  gels.  Tliough  most  of  these  devices  are  designed  using  properties  well  discussed 
in  the  literature,  some  presented  near  the  en<i  of  this  paper  make  lise  nf  conclusions  tliat 
the  aiitliors  have  <lrawn  from  the  literature  and  their  own  experimental  work. 

1  hose  mnclusions  about  the  basic  meclianisms  of  e|e<tromechaiural  gels  are  dis¬ 
cussed  in  t  he  t  hir<l  part  of  t  his  paper  and  a  ctuiiplete  set  of  governing  equations  describing 
these  mechanisms  are  presented  in  the  fourtli  section. 

This  paper  concludes  with  a  discussion  of  some  <»f  the  ramifications  of  the  above 
system  of  equations  and  a  discussion  on  ge|-<lriveii  devices  and  on  the  control  of  such 
devices. 


1.  Introdurtion 

The  contract ilo  and  expansile  properties  of  polyelectrolyte  gels  has  been  a  sub¬ 
ject  of  diverse  study  since  the  original  observations  of  Kuhn  ( 1949)  and  Katchalsky 
( 1949).  The  phenotnenon  involves  the  modulation  of  the  affinity  of  the  polymer  for 

'  This  work  performed  at  Sandia  National  Labor.alories  supported  t)y  the  I  .S.  Department  of 
t'inerRy  under  eont raet  nnmt)er  DE- AC'0-t-7hnF'007Sft 
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solvent  by  changing  the  pH  of  tlie  solvent,  liy  changing  temperature  or  solvent,  or 
as  originally  discussed  by  Harnlen,  Kent  and  Shafer  (1965)  snbjecting  the  bath 
to  an  electrostatic  field.  The  effect  of  the  change  in  pH  can  produce  a  homogeneous 
deformation  of  as  much  as  four  hundred  percent  (Li  and  Tanaka  1990).  An  electro¬ 
static  field  can  produce  even  a  notdiotiiogeneous  deformation  such  as  bending. 

Various  discussions  of  applications  have  occurred  over  the  years.  The  possibility 
of  using  these  polymeric  gel  muscles  or  actuators  for  chemomechanieal  engines  and 
turbines  was  originally  discussi'd  by  .Steinberg,  Oplatka,  and  Katchalsky  (1906). 
and  Su.ssman  and  Katchalsky  (1970).  Such  applications  have  been  discussed  by 
Kric  Cro.ss  (1989).  Crawly,  ile  Luis.  Hagood  and  Anderson  (1988)  Tzou  and  Tseng 
( 1990)  in  the  context  of  piezoelectric  sensors  and  actuators,  by  Candhi.  Thomiison. 
('hoi  and  Shakir  (1989),  (  hoi.  (Jatulhi  and  Thomp.son  (1989)  and  Choi.  Sprecher 
and  Conrad  (1990)  in  the  conti'xt  of  electro-rheological  flui<f  sensors  and  actuators, 
atid  by  Hanagud.  Wan  and  Obal  (1988)  and  Tadjbakhsh  and  Su  (1989)  in  the 
context  of  optimal  placement  of  geni'ric  sensors  and  actuators  in  adaptive  and 
intelligent  structures. 


2.  Eloetroiiioehaiiieal  Dt'viccs 

The  ma  jor  conceptual  advantages  of  gel  actuated  devices  are 

•  compactness 

•  simplicity 

•  modest  weight 

•  small  powf'r  requirements 

•  low  material  costs 

In  principle,  there  need  bf'  only  one  moving  part,  and  that  is  the  actuating  gel  itself. 
There  is  not  the  attendant  weight  and  complexity  of  electric  motors  or  hydraulic 
pumps  and  actuators.  .Ml  that  is  re<|uired  is  an  electric  fiehl  of  the  order  of  a  few 
volts  per  centimeter. 

The  ma  jor  disadvantages  f)f  such  devices  are 

•  iti  general,  the  response  times  of  the.se  gels  are  much  longer  than  conventional 
actuator  cortiponents: 

•  there  is  the  inconvenience  that  the  gel  must  be  contained  within  a  solvent 
bath. 

In  what  follows,  applications  and  designs  which  exploit  the  advantages  of  these  gels 
and  for  which  the  disadvantages  are  without  consequence  are  identified. 

To  make  the  electromechanical  gels  more  u.seful.  it  is  necessary  to  remove  the 
bath  This  is  done  by  containing  the  gel  and  its  bath  in  a  container.  The  designs 
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Kigiiri'  1:  A 
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present t’cl  here  use  rigid  containers  where  appropriate  and  use  flexible  and  foldable 
tiieinbranes  where  needed. 

f  igure  1  shows  a  very  simple  device  based  on  a  more  sophistocated  design  first 
presented  t)y  Steinberg,  Opiatka,  and  Katchalsky  (1966).  This  device  takes  advan¬ 
tage  of  tlie  observation  that  for  electrolytic  polymer  impregnated  with  rations  (-f), 
the  polymer  closer  to  the  anode  tends  to  swell  while  that  closer  to  the  cathode 
shrinks.  The  combined  deformations  cause  the  pulley  about  which  the  polymer 
is  wrapped  to  undergo  rota. ion  An  AC  voltage  supply  and  will  cause  oscillatory 
motion  of  the  pully.  In  this  case  a  rea-sonable  inflexible  container  is  used. 

Figure  2  shows  a  very  simple  extensional  device.  This  cylindrical  device  has  a 
bellows-like  container  that  permits  both  longitudinal  extension  and  the  a.ssociated 
lateral  contraction  that  leaves  the  overall  volume  of  the  container  essentially  un¬ 
changed.  In  this  device,  the  iiolymer  is  attarhetl  on  one  side  to  the  anode  and 
is  attached  on  the  other  side  to  a  spacer  which  is  itself  attached  to  the  cathode. 
When  the  electric  liehl  is  applied,  the  polymer  ab.sorbs  solvent  and  swells,  pushing 
against  the  spacer  and  extending  the  cylinder.  Reversing  the  field  causes  the  device 
to  contract.  Polymer  is  placed  only  on  one  side  of  the  cylinder  since  polymer  placed 
by  the  cathode  deforms  in  a  manner  so  as  to  exactly  cancel  out  the  deformations 
of  the  polymer  near  the  anode. 

A  sphincter-type  valve  is  shown  in  Figure  3.  Here  the  doughnut-shaped  polynn'r 
is  ordinarily  in  a  closed  configuration  in  its  unactivated  state:  the  inner  radius  is 
zi'ro  The  doughnut,  being  situated  near  the  annulus,  swells  after  the  field  is  turned 
on  and  the  inner  radius  opens  to  permit  flow  through  the  annulus. 

W  e  see  that  one  of  the  deficiencies  of  the  electromechanical  gels  presented  in  the 
above  two  examples  is  that  only  one  part  of  the  electric  field  can  be  exploited  at 
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I'dgure  2:  A  simple  extension/contraction  actuator  using  tlie  electromechanical 
properties  of  a  polyelect  roly  t<' 

anode 

cat  ion-rich 
polyelect  rolyte 


spacer 


cathode 


Figure  d:  A  sphinctering  actuator  using  the  ('lectromechanical  properties  of  a  poly- 
electrolyte 

a  time.  A  collection  of  more  efficient  configurations,  using  the  full  electric  field,  is 
presented  below. 

To  make  more  effective  use  of  the  electric  field,  we  must  employ  a  more  mecha¬ 
nistic  understanding  of  the  elertromechanical  phenomenon  than  has  been  exploited 
in  the  above  examples. 


3.  Laboratory  Observations 

To  develop  more  intelligent  designs  of  electromechanical  devices,  the  fundamental 
physical  chemistry  of  the  problem  must  be  umlerstoovl.  A  characteristic  of  [lolyiiier 
electrolyte  gels  is  volume  collapse.  In  the  above  discussion,  that  collapse  is  sparked 
by  changing  the  electric  field  applied  to  the  bath  or  changing  the  pH  of  the  bath 
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l(ioritical  rollapsp  ran  hr  caused  hy  rliangiiig  solvent  or  lowering  the  temperature 
('lanaka  et  al.  1982). 

What  distingui.shes  the  behavior  of  polyelectroivte  gels  from  other  polymers  is 
that  the  volimie  change  associated  with  modulating  the  affinity  of  the  solvent  for 
the  |)olymer  results  in  <'i  catastrophic  volume  change.  'I'his  effect,  which  is  crucial 
to  the  perforrnatice  of  electro-mechanical  gel  devices,  can  be  rationalized  as  follows: 
the  counter  ions  associated  with  the  polyelectrolyte  form  an  "ion  gas"  which  cannot 
escape  the  gel  due  to  charge  neutrality  constraints.  'I'herefore,  there  is  an  increased 
osmotic  pressure  ti'nditig  to  swell  the  gel  and  oppose  volume  collapse.  When  collapse 
finally  does  occur  iti  a  polyelectrolyte  gel.  it  is  catastrophic,  resulting  in  a  first- 
order  phase  t ratisitioti.  The  getieral  features  of  this  phase  tratisition  arc'  captured 
by  statidard  tneati-field  theorit's  such  as  that  of  Flory  (1953),  as  used  by  lanaka 
and  Fillmore  (1979)  and  LI  and  lanaka  (1990). 

.As  stated  al)Ove.  though,  there  ;ire  .several  unresolved  i.ssues.  First,  all  polyelec¬ 
trolyte  gels  are  white  when  they  are  collapsed  by  solvauit  sultst itut ion  (diluting  a 
good  solvent  with  tniscible.  but  less  good  solvent).  This  is  extremely  interesting 
sitice  it  implies  that  thert'  are  sptitial  concentration  fluctuations  frozeti  in  the  gel  on 
length  scales  of  visible  light.  (.)\ir  laboratory  observations  indicate  that  the  origin  of 
these  fro/ett  itihomogeneit ies  is  du('  to  the  vitrification  of  the  polymer  duritig  phase 
seiiaratioti.  That  is.  utiswollen  polyelecirolyte  gels  have  extremely  high  glass  transi¬ 
tion  temperature's  due  to  their  ionic  nature.  Of  course,  when  they  are  swollen, 
thi’ir  T,,  is  tlratnatically  decrea.sed  (vvell  below  room  temperature).  Howi'ver.  as 
phase  separation  progresses,  th<'  polymer  phase  becotnes  more  conct'utrated,  with  a 
concomitatit  increase  in  T,,.  Al  some  point  during  this  process,  the'  polymer  phase 
I],  reaches  room  tem|)erat ure.  tin'  polymer  relaxation  times  become  effectively  infi¬ 
nite.  and  phase  separation  stops,  resulting  in  the  observed  frozen  inhomogeneities. 
The  relative  impermeability  of  these  regions  severely  retards  any  further  kinetics. 

rhe  vitrification  discussed  here  does  not  .seem  to  happeTi  when  contraction  is 
caused  by  change  in  ph.  however.  Fhis  would  appear  to  be  because  of  the  chemical 
change  that  the  jiH  has  on  the  polymer  works  against  vitrification,  reidacing  bound 
counterions  with  [7/“*“]  or  [()H~]  ions. 

Fhe  second  major  unre.solved  i.ssue  is  the  elfect  of  the  electric  field.  While  sev¬ 
eral  theories  exist,  we  believe  the  most  promising  approach  rests  on  the  observation 
that,  at  the  voltages  normally  u.sed  (an  overpotential  of2  volts),  hydrolysis  abounds, 
resulting  in  a  pM  gradient  at  both  electrodes  (DeKossi  et  al.  1986).  .Since  the  ilis- 
sociation  of  the  polyelectrolytes  is  pH  dependent  and  the  volume  collapse  depends 
crucially  on  that  dissociation,  one  can  envision  how  the  electric  field  will  cause  col¬ 
lapse  at  one  electrode  and  swelling  at  the  other.  However,  there  are  several  studies 
in  the  literature  which  cast  doubt  on  this  simple  explanatiiui  (Irie  1986).  (Osada  <'t 
al.  1988). 

Fhe  issue  of  vitrification  in  the  above  di.scu.ssion  will  .serve  as  a  constraint  on 
the  control  strategies  and  might  play  a  role  in  calculating  the  response  rate  of  the 
siruciure,  but  it  is  not  anticipated  fiiat  vitrification  will  play  much  of  a  role  m 
art uator  design. 

I'he  first  enhancement  to  our  design  strategy  is  to  ad<f  anion-rich  iiolyeleclrolyles 
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Figure  -1:  An  extensiotial  actuator  employing  l)Oth  anion-rich  and  cation-rich  poly¬ 
electrolytes. 

to  our  collection  of  gels.  The  above  discussion  on  the  role  of  the  electric  field  sug¬ 
gests  that  such  gels  will  swell  in  low  pH  environments  and  shrink  in  high  pH  en- 
viromrients.  and  such  an  observation  was  made  by  Kishi  et  al.  (1990).  A  design 
enhancement  exploiting  such  polyelectrolytes  is  indicated  in  Figure  4,  in  which  a 
anion-rich  polyelectrolyte  is  placed  near  the  cathode  of  the  cell  to  complement  the 
cation-rich  polyelectrolyte  originally  placed  by  the  anode.  One  sees  that  invoking 
the  electric  field  causes  both  gels  to  swell,  causing  both  to  contribute  to  the  exten¬ 
sion  of  the  actuator.  Reversal  of  the  electric  field  reverses  pH  environment  near  the 
eh'ctrodes  and  rases  both  gels  to  collapse.  A  similar  enhancement  for  the  sphincter 
valve  in  Figure  5,  in  which  the  inner  portion  of  the  doughnut  is  anion-rich  and 
the  outer  is  ration-rich  and  the  electrodes  have  been  moved  to  the  inner  and  outer 
portions  of  the  doughnut.  Series  of  these  devices  could  be  used  to  constitute  a 
peristaltic  pump. 

A  further  modification  to  the  design  strategy  suggested  by  our  understanding  of 
the  electromechanical  mechanism  is  to  decouple  the  acid/base  generation  from  the 
actuator.  This  strategy  is  indicated  in  Figure  6.  in  this  figure,  a  separate  cell  is 
used  to  make  acidic  and  basic  solutions  which  are  then  pumped  into  the  actuators. 
(.Since  there  is  no  back  pressure,  the  solvent  pump  can  be  extremely  small.)  This 
configuration  permits  greater  efficiency  since  the  electrolysis  cell  can  be  dimensioned 
smaller  than  the  actuator.  Further,  the  reaction  time  of  the  actuator  can  be  reduced 
since  stored  activating  solvent  can  be  pumped  into  the  actuator  as  needed. 


4.  Governing  Equations 

Since  it  is  believed  that  the  electrical  stimulus  leads  to  a  chemical  effect,  the 
describing  ecpiations  for  a  chemically-activated  gel  structure  deformation  are  pre¬ 
sented.  The  mathematical  representation  involves  properly  describing  the  expand¬ 
ing  or  contracting  polymer  matrix,  fluid  transfer  of  solvent  into  and  out  of  the 
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siiliNt  ni^'f  iiH'  ,'irii.l  i  }i>’ c<  nipled  idYrris  Iji'lvvi'i'j)  ilir  I  wo  pli('tioinona.  In  what  follows, 
Hovi  rniii.u,  i'(|ualions  arc  ilcrivcd  in  tlit-  current,  deformed  configurat i(jn . 

rill  vidocity  of  solvent  withiti  the  polymer  is  that  of  the  polymer  plus  tin'  dllfer- 
euiial  velocity  due  t(.)  diffusion.  1  he  dilliision  is  driven  hy  osnif  it  ic-pressnres  which 
are  t  hemsel ves  I u net  ions  of  t  wo  internal  civordi nates  or  st ates.  <  onciuit  rat  ion .  c,  and 
pll.  // .  1  he  variable  c  is  tin'  mass  of  solvent  per  unit  volume  of  swollen  polymer, 
and  //  is  mass  of  11'*'  ions  per  unit  volumi' of  swollen  |io|ymer. 

1  he  dilliision  eipiation  descrihing  the  evolution  of  tin'  solveip  concent  rat  ion  is 
(lin'd  I'.HiO) 


r.  V  ■  (r,  //)Vr+  /;,  ,(r.  // )V //]  -  V  ■  (rx,  )  (1) 

wher  the  terms  I),  ,  are  dilfusivit ies  atid  .i-,,  is  tin'  local  gel  vi'locity. 

[.Some  insight  can  he  gained  hy  ohsi  rving  that  for  the  situation  wln're  the  gel  is 
in  a  const.ant  pll  envii'onment  and  the  polymer  is  fixed  in  space,  the  aho\i'  eipiation 
reduces  to 

^  =  (If, 

(If 

Ihis  is  identical  in  form  to  the  eipuition  for  In-at  conduction,  and  much  of  oiir 
intuition  ahoiil  heat  cnndnciio,i  apfdies 'o  some  regimes  of  t  his  cheiiio-nierhanical 
pliein  'Ilieih  Ul.] 

file  traiis|iori  of  II  is  similar  to  tlnat  of  c  hut  it  also  involves  sources; 

Dll 

—  --:V  [II.  ,(r.  //)Vc+  .,(r.  invil]  -  V  ■(ll.r,)+  II,  (;i) 

Dl  '  ' 

ivhi  I'e  II ,  accoimts  for  creation  or  neutralization  of  //,  .Note  th.'J  DU /ill  is  a  tiinahle 
parameter  that  may  he  wiried  through  electrical  or  chemical  me.ins. 

1  he  Stress  relationships  for  large  deformation  elasticity  reipiire  the  use  of  large 
def  irmat  loll  -'t  rain  'piantilies  1  In- dejormat  i.  m  gradient  T(l)  is  delinei!  as 


fin  =■ 


DX, 


I  d ') 


where  X,,  Is  the  loc-ilioii  of  lie’  particle  in  the  Unstrained  stale.  In  this  prohteiu, 
it  is  iisefiil  to  fa'  lor  the  defo;  iii  il  ion  gradient  into  its  unimodular  part  and  a  part 
present  ing  isi  a  ri  ipn-  swell : 


.f\n 

■^uni '  ^  *  -^isolO 

(■')) 

‘^nm'  '' ' 

w  }'{!)/ a{n 
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For  a  solvent-concentration  dependent  neo-Hookean  type  solid,  the  stress  result¬ 
ing  from  a  given  deformation  is: 

s(i)  =  a{c)[s(t)  S{t  f  -i]  +  pi  (9) 

where  5  is  the  stress, 

^‘^(')  =  ^uni(0"'.  (10) 

(1  is  the  \'oung's  modulus,  and  p  is  a  Lagrange  multiplier  dual  to  the  incompress¬ 
ibility  constraint  on  the  swollen  polymer.  Because  of  the  assumed  incompressibility 
of  the  gel/solvent  system,  the  above  equation  presents  stress  only  up  to  an  unknown 
pressure. 

,A  viscoelastic  rather  that  the  above  elastic  constitutive  ecpiation  could  be  used 
for  the  gel  if  the  diffusion  process  is  so  fast  that  the  viscoela-sticity  of  the  polymer 
becomes  important.  The  simplest  such  model  is  that  of  Lodge  (68); 

[  p{c.l  ~T)[i:(T)  t'{Tf  -I]dT+pI  (11) 


The  incompressibility  condition  on  the  swollen  polymer  is  simply  a  statement 
that  the  volume  of  that  material  is  not  a  function  of  the  imposed  pre.ssure.  Assuming 
no  volume  change  of  mixing,  this  condition  becomes: 


At 


=  n^c/pr 


where  p,.  is  the  density  of  pure  solvent. 

rile  Conservation  of  momentum  for  the  gel  is: 


Pgig  =  ^  -^A-  Pgfi, 


(12) 


(13) 


where  is  the  ma.ss  density  of  the  swollen  gel.  and  ff,  contains  all  local  body- 
forces,  such  as  gravitational  or  electromagnetic  loads. 

Fogether  the  above  are  a  complete  set  of  equations  -  providing  as  many  scalar 
equations  as  scalar  unknowns.  'Fhat  pairing  of  equations  with  variables  in  Table 
1  relates  each  vector  or  scalar  variable  with  a  correspomling  equation  of  the  same 
rank.  .Ml  of  the  variables  in  Table  1  are  functions  of  time  and  location  in  the  gel. 

File  initial  conditions  are  initial  values  of  x,,  c.  and  //.  The  boundary  conditions 
are.  all  stress  components  of  the  fluid  boundary  on  the  gel,  displacent  conditions 
on  the  gel  imposed  by  other  parts  of  the  actuator,  and  stress  conditions  imposed 
by  other  parts  of  tin'  actuator.  Note,  that  the  hydrodynamics  of  the  bath  may- 
add  additional  damping  to  that  due  to  the  diffusive  process  and  that  due  to  the 
viscoelasticity  of  the  gel. 

I  his  development  shows  that  it  is  the  diffusion  process.  Equation  1,  which  gov¬ 
erns  the  reaction  time  of  the  actuator.  As  with  other  diffusion  processes  (such  as 
heal  transfer)  the  speed  of  the  process  can  be  accelerated  tremendously-  by  changing 
the  dimensions  of  the  medium,  .‘\nother  observation  is  that  in  the  case  ofsw-ell,  the 
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variable 

corresponding  equation 

Fq  1 

F(|  3 

fFqs  <)  A-  10  .k-  13 

x^(t,X^) 

or 

IFcis  11  ,k-  10  k  13 

pit.X,) 

Fq  12 

I'alWf  I.  'labiilation  of  p<|tiations  and  unknowns 


diffusion  and  the  convection  terms  in  Ecination  3  are  additive,  while  those  terms 
are  of  opi)osite  effect,  in  tlie  case  of  shrinkage.  We  can  expect  that  the  reaction 
rates  of  these  two  processes  to  b('  very  different. 

The  system  of  ecpiations  sumittarizfHl  in  Table  1  can  l)e  solva-d  with  standard 
numerical  rnetliods  such  a.s  finite  element  analysis.  The  authors  are  n(.)w  d('veloping 
such  a  simulation  jirograrn. 

It  should  he  mentioned  that  the  formulation  presented  here  is  iinicpie  in  that  it 
presents  a  diffusional  driving  force  to  the  mechanics.  'Phis  novel  formulation  avoids 
some  of  the  deficiencies  in  other  rhwelopments  (Li  and  Tanaka  1990).  which  pri'clude 
such  phenomena  as  stress-free  rigid-body  motion.  Further,  it  accommodates  large 
tieformation  throtigh  the  use  of  appropriate  strain  measures  and  explicitly  includes 
body  forces. 


5.  Conclusion 

.Actuators  exploiting  the  chemical/mechanical  properties  of  ])()iyelect  rolytes  have 
strong  ajtplication  in  environments  where  weight  is  at  a  premium  and  there  exists 
a  handy  source  of  electricity.  Conditions  in  spare  structures  ar<'  parailigmat ir  of 
those  for  vvhich  gel-based  actuators  have  a  rompetative  advantage.  The  utility  of 
such  actuators  depends  significantly  on  the  design  of  approi)riate  containers  and 
the  exploitation  of  the  best  understanding  of  the  physical  chemistry  of  the  process. 

There  currently  exists  enough  fundamental  understanding  to  theoretically  ana¬ 
lyze  the  process,  though  some  of  the  relevant  parameters  must  be  deduced  from 
experiment.  A  novel  and  rom)dete  formulation  of  the  diffusion  and  the  rubber 
elasticity  |>henomena  has  been  presented. 
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On-line  adaptive  stiffness  control  to  tailor  modal  energy  content  in  structures 


R  A  Osegueda,  D  C  Nemir  and  Y  J  Lin 

College  of  Engineering,  The  University  of  Texas  at  El  Paso,  El  Paso,  TX  79968 

ABSTRACT;  This  paper  describes  a  structural  motion  control  theory  that  is  based  upon 
adaptive  stiffness  changes.  An  enhanced  dissipation  of  the  vibrational  energy  is 
accomplished  by  changing  stiffness  in  the  system  in  such  a  way  that  the  energy  in  low 
modes  of  vibration  is  transferred  into  higher  modes  which  have  accelerated  rales  of 
damping.  Simulation  studies  are  presented  on  a  simple  unforced  system  and  on  a  truss 
model  subjected  to  sinusoidal  forced  excitations.  Applications  range  from  the  control 
of  wind  or  seismically  induced  motion  in  civil  structures  to  the  motion  control  of  a  large 
space  structure. 


1.  INTRODUCTION 

When  a  structure  exhibits  a  high  degree  of  flexibility,  the  control  of  motion  within  that 
structure  becomes  important.  Structures  can  have  a  significant  flexibility  due  to  size  (eg: 
a  suspension  bridge),  geometry  (eg;  a  skyscraper  where  the  height  to  base  area  ratio  is 
large),  or  material  (eg:  a  space  station  where  structural  members  are  necessarily  lightweight 
and  hence  compliant).  In  a  civil  structure,  motion  can  occur  due  to  the  influence  of 
earthquakes  or  wind.  In  an  aerospace  structure,  motion  can  occur  due  to  attitude 
adjustments,  crew  movements  or  wind.  For  lightly  damped  structures  in  particular, 
disturbances  are  dissipated  slowly  and  even  small  amplitude  periodic  disturbances  can 
eventually  lead  to  large  oscillations,  leading  to  occupant  discomfort,  performance 
degradation  and  structural  damage.  For  this  reason,  active  and  semi-active  structural 
motion  control  remain  research  areas  of  great  interest. 

In  multistory  buildings,  active  control  has  been  successfully  demonstrated  on  both  scale 
models  and  actual  buildings  using  techniques  such  as  active  mass  dampers  and  active 
tendons  (Soong  1990).  An  active  mass  damper  works  to  damp  out  vibrations  in  a  structure 
by  transferring  momentum  between  the  structure  and  an  auxiliary  mass.  This  type  of 
system  has  been  successfully  demonstrated  in  the  laboratory  and  in  the  field.  An  example 
is  Kajima  Corporations's  computer-activated  mass  damper  system  in  the  13  foot  wide,  1 1 
story  Kyobashi  Seiwa  building  in  Tokyo  (Kobori  1990b).  An  active  control  using  tendons 
can  be  implemented  in  a  building  by  controlling  tensions  in  structural  tendons  via  hydraulic 
actuators,  thus  implementing  corrective  forces  to  counteract  motion  (Soong  1990).  This 
technique  has  been  successfully  implemented  on  a  1:4  scaled  mode!  at  the  State  University 
of  .New  York  at  Buffalo  (Chung,  Lin,  Soong  and  Reinhorn  1989).  One  advantage  to  the 
tendon  approach  is  that  many  buildings,  most  bridges,  and  all  oil  platforms  already  make 
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use  of  passive  tendons  for  structural  support.  Incorporating  active  tendons  in  future 
construction  is  a  reasonable  extension. 

The  problem  with  active  control  techniques,  particularly  as  applied  to  civil  structures,  is  that 
they  require  a  great  deal  of  energy  to  implement.  Furthermore,  if  not  correctly 
implemented,  this  class  of  controls  can  result  in  the  introduction  of  unwanted  excitations 
into  the  system,  a  phenomenon  known  as  modal  spillover  (Meirovitch,  Baruh  and  Oz  1983). 
An  alternative  class  of  controls,  known  as  semi-active  control,  involves  making  structural 
changes  in  the  system.  With  semi-active  control,  a  small  amount  of  energy  can  be  used  to 
leverage  a  large  influence  on  the  system.  One  example  of  semi-active  control  is  the  semi¬ 
active  damper  proposed  for  automotive  suspensions  (Kamopp  1990).  In  these  systems  an 
auxiliary  damper  is  either  engaged  or  disengaged  depending  upon  the  relative  velocity 
between  the  wheel  and  chassis.  The  damper  is  activated  by  a  low  energy  means  such  as  an 
electromagnetically  controlled  valve.  A  second  example  of  semi-active  control  is  the  impact 
mass  damper  discussed  by  Dehghanyar,  et  al  (1987)  wherein  structural  damping  is  enhanced 
by  collisions  between  an  auxiliary  and  a  primary  mass.  A  third  example  of  a  semi-active 
control  is  that  proposed  by  Kobori  and  coinventors  (1990a  and  1991),  wherein  active 
bracing  is  used  in  a  building  to  alter  dynamical  characteristics.  The  main  objective  in  those 
patents  is  to  remotely  sense  seismic  tremors  and  then  adjust  structural  stiffness  so  that 
resonant  modes  in  the  building  are  made  different  from  the  dominant  frequencies  associated 
with  the  seismic  power  spectra  at  eacn  instant. 

This  paper  describes  a  theory  for  motion  control  based  upon  the  semi-active  redistribution 
of  modal  energies  in  structural  systems.  The  approach  falls  within  the  domain  of  "smart 
structures"  since  the  structure  itself  is  automatically  tailoring  local  system  properties  to 
achieve  a  specified  global  system  objective.  Like  the  frequency  steering  approach  of  Kobori 
(1990a  and  1991),  our  approach  entails  the  dynamic  alteration  of  structural  stiffness.  Our 
primary  objective,  however,  is  not  based  upon  the  avoidance  of  resonance,  but  rather  the 
transference  of  system  energies  from  low  modes  to  higher  modes.  Since  structural  passive 
damping  is  more  effective  at  higher  frequencies,  the  proposed  technique  accelerates  the 
passive  removal  of  vibrational  energy.  The  technique  can  also  be  used  to  limit  structural 
motion  in  a  specified  direction. 

2.  THE  MODAL  ENERGY  TRANSFERENCE  TECHNIQUE 

The  proposed  modal  energy  transference  approach  for  structural  motion  control  can  be 
explained  by  using  the  idealized  lumped  spring-mass-dashpot  of  Figure  1.  This  structure 
has  baseline  idealized  springs,  dashpots  and  lumped  masses  of  magnitudes  k,,  c,  and  m,. 
Additional  springs  Ak,  can  be  actively  connected  or  disconnected  in  parallel  with  the 
baseline  (additional  damping  is  also  possible). 

In  the  simulation  studies  described  in  this 
paper,  the  connection  and  release  of  a  given 
auxiliary  spring  is  constrained  to  occur  only 
when  the  strain  energy  in  the  spring  is  zero. 

Since  changing  the  spring  constant  of  a  pjg  j  gxample  lumped  system 
relaxed  spring  does  not  introduce  energy  into 
tlic  system,  the  technique  qualifies  as  a  semi- 
act  i\e  control. 
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The  dynamic  motion  of  the  nominal  structure  (no  added  parallel  springs)  is  described  by: 

MyU)  +  C  ]pU)  +  Kyit)  -  fit)  (1) 

where  M,  C  and  K  are  the  global  mass,  damping  and  stiffness  matrices  of  the  nominal 
structure,  f(t)  is  the  external  force  vector,  and  y(t)  is  the  vector  of  structural  displacements. 
The  characteristic  equation  associated  with  (1),  assuming  proportional  damping,  is: 

(2) 


where  X  is  the  undamped  eigenvalue  and  is  the  nxn  modal  matrix.  The  eigensoliition  of 
(2)  yields  n  eigenvalues  X,  with  eigenvectors  Because  of  the  orthogonality  conditions 
and  the  assumed  proporticnal  damping  matrix,  (!)  can  be  decoupled  by  applying  the  modal 
transformations  y(t)  =  4>qd)  and  y(t)  =  f>q(t),  where,  q(t)  and  q(t)  are  modal  displacements 
and  velocities.  The  transformation  gives 

ci/g,.  (t)  +  cdq_iic)  *  kj'<jjit)  -  fj'it)  j-1.2,  .  .  ,n  (3) 

where  f/  is  the  modal  fc  :e,  and  m,’,  c,*  and  k,‘  are  the  modal  mass,  damping  and  stiffness 
of  the  j'*'  mode  and  are  g  ven  by 

md  -  4)^"  W  <})j,  Cj’  -  <^j~  C  <j)j,  kj‘  -  K  .  (4) 

If  the  system  is  elastic  a-  d  linear  during  a  period  of  time,  then  the  total  energy  (TE)  of  the 
system  is  the  sum  of  the  'train  energy  (PE)  and  kinetic  energy  (KE).  The  total  energy  can 
be  decoupled  into  moda;  energies: 

T£(t)-  ( t)  +  (  t)  (5) 

^  ^  j'-i  j-i  ;-i 

where  PEj(t)  and  KEj(t)  are  respectively  the  j®  mode  potential  and  kinetic  energies  at  time 
t.  If  at  some  time  t  =  t<,  one  or  more  of  the  springs  are  relaxed,  the  corresponding  active 
connections  can  be  tri,  gered  or  released,  modifying  the  structure  without  an  input  of 
additional  energy.  Let  ne  new  structure’s  dynamic  motion  be  given  by: 

vi?(T)  +  C  Pit)  +  Kpit)  -  £ix)  (6) 

subject  to  the  initial  conditions  Kr=0)  =  y(t=t„)  and  y(T=0)  =  y(t  =  L).  Under  the 
proportional  damping  assumption,  the  eigensolution  of  the  new  structure  is  given  by: 

[K~Xm]^-0  (7) 


to  give  new  eigenvalues  X,  with  new  eigenvectors  Since  the  eigenvectors  have  changed, 
the  modal  parameters  of  the  modifted  structure  are: 

rf?/  -  $/ M  (8) 

and  the  total  energy  of  the  system  is  given  by: 
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-1^#  "  ^  /Q\ 

^  j-i  j-i  j-i 


Since  the  engagement/release  of  a  relaxed  control  spring  does  not  add  to  the  total  energy 
of  the  initial  system,  the  total  energy  at  time  t=f„  is  equal  to  the  total  energy  in  the 
modified  system  at  time  r=0.  However,  modifying  structural  stiffness  in  this  way  will 
result  in  a  redistribution  of  modal  energies.  If  the  spring  can  be  engaged/released  in  such 
a  manner  as  to  shift  the  energy  distribution  from  lower  modes  to  higher  modes,  the  result 
will  be  an  accelerated  passive  dissipation  of  the  total  energy  of  the  system. 

3,  CONTROL  RULE 

Our  control  objective  is  to  change  the  distribution  of  the  modal  energy  at  any  time  t  =  t^, 
(every  time  an  active  brace  (spring)  is  in  a  relaxed  state)  so  that  the  modal  energy  content 
of  the  new  system  is  steered  to  a  desired  state.  Generally,  it  will  be  desirable  to  minimize 
energy  in  the  lower  modes  since  in  real  materials  and  structures,  the  viscous  damping  of 
vibrational  energy  is  more  pronounced  for  energy  in  the  higher  modes  because  of  the  faster 
energy  absorption  during  cyclic  straining.  Suppose  that  at  a  given  time,  t^,,  there  are  a 
possible  m  control  actions  that  can  be  taken,  where  we  again  note  that  a  valid  control  action 
consists  of  either  connecting  or  releasing  a  relaxed  spring  in  the  system.  We  define  the  cost 
functions 


TE(t)  - 

^  j-V 


KE^Ht^)]  k-  1,2 _ /77  (10) 

i-1 

where  a,.  i  =  1.2,...n  is  a  set  of  weighing  factors  and  PEj^fO  and  KE,'*  (t)  are  respectively 
the  potential  and  kinetic  energies  in  the  i'*’  mode  if  the  k*  control  action  is  taken.  For 
example,  if  at  time  t^,  there  are  d  relaxed  springs  in  the  system,  then  there  are  a  possible 
m  =  2''  control  actions  that  can  be  taken  (with  each  relaxed  spring  allowed  to  have  either  a 
connected  or  released  state).  Then  there  are  m  costs  that  can  be  computed  from  equation 
(10),  each  corresponding  to  one  possible  set  of  control  actions.  The  particular  control 
action  that  is  chosen  will  correspond  to  the  set  of  connection  conditions  that  results  in  a 
minimum  cost. 

The  algorithm  is  summarized  in  Figure  3.  First,  sensors  in  the  structure  detect  when  there 
is  a  disturbance  to  the  structure  and  initiate  the  control  algorithm  (Block  A).  Next,  the 
strains  are  monitored  in  each  active  brace/spring  (Block  B).  If  the  strains  in  any  springs 
are  close  to  zero,  those  springs  are  identified  as  being  relaxed  and  become  control 
candidates  (Block  C).  Sensor  readings  from  the  structure  are  then  used  to  determine  global 
displacements  and  velocities  y  and  y  (Block  D).  Equation  (5)  is  used  to  compute  the  total 
energy  in  the  system.  If  the  total  energy  falls  below  some  threshold  level  the  algorithm 
terminates  (Block  E).  If  the  system  still  contains  an  unacceptable  level  of  vibrational 
energy,  global  coordinates  are  converted  into  modal  coordinates  for  each  of  the  candidate 
eigenstructures.  We  note  that  if  there  are  d  relaxed  springs,  there  will  be  2“*  control 
candidates  and  consequently,  2‘‘  different  modal  matrices  and  2'’  sets  of  different  modal 
coordinates.  Fortunately,  the  modal  matrices  will  be  characteristic  of  the  system  structure 
and  can  be  computed  ahead  of  time.  Equation  (9)  allows  the  determination  of  modal 
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potential  and  kinetic  energies  in  each  of  the  control  candidates.  Equation  (10)  generates  a 
cost  for  each  of  these  candidates  (Block  F).  The  control  action  that  yields  the  minimum 
cost  is  chosen  (Block  G)  and  the  algorithm  repeats. 


Fig.  2.  Flowchart  of  control  algorithm 


4.  FREE  VIBRATION  EXAMPLE 

The  undamped  system  of  Figure  1  is  used 
to  illustrate  the  algorithm  using  nominal 
springs  of  k,  =  kj  =  kj,  masses  of  m,  = 
m,  =  2  m,  and  controllable  springs  Ak,  = 

Ak;  =  Akj  =  k,.  The  excitation  comes  as 
a  result  of  an  initial  first  mode 
displacement  condition;  afterwards,  the 
system  is  unforced.  The  control  objective 
is  to  minimize  the  energy  contents  of  the 
first  and  second  modes  according  to  the 
control  rule  of  section  3.  Figure  3  shows 
the  displacement  history  at  the  tip 
normalized  to  the  initial  displacement.  The  time  scale  is  normalized  with  respect  to  the 
period  of  the  first  mode  of  the  nominal  structure  (T,).  As  Figure  3  illustrates,  after  about 
8  cycles,  the  vibrations  are  predominantly  of  a  higher  frequency  (third  mode). 

Figure  4  illustrates  the  corresponding  time  history  of  the  three  modal  energies.  At  time  t 
=  0.  the  energy  content  is  E,  =  1,  E^=0  and  Ej=0.  As  time  increases  the  energy  in  mode 
1  decreases  and  the  energy  of  mode  3  increases.  The  total  energy  remains  constant  because 
the  example  is  undamped  and  because  the  engagement/release  of  the  additional  springs  is 
performed  when  the  springs  are  in  equilibrium.  After  10  cycles.  Figure  4  shows  that  the 
vibrations  are  of  a  pure  third  mode  content. 


1.5  ■- 


Fig.  3.  Displacement  history  for  unforced- 
undamped  system 
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Fig.  4.  Modal  Energies  versus  time 


Fig.  5.  Time  history  of  control  actions 


Figure  5  depicts  the  status  of  the  controllable  springs  as  a  function  of  time.  The  three  plots 
in  this  figure  indicate  the  control  status  via  values  of  0  or  1 .  A  value  of  0  indicates  that  the 
control  element  is  not  clamped;  a  value  of  1  indicates  that  it  is  clamped.  This  figure  also 
illustrates  the  assumption  that  the  added  stiffness  occurs  instantaneously. 


5.  FORCED  VIBRATION  RESPONSE 

A  second  simulation  study  considers  the  truss  depicted  in  Figure  6.  All  elements  of  the 
planar  truss  have  the  same  geometric  and  materials  properties.  The  control  elements  k,,  k, 
and  k,  (k,  is  at  the  left)  have  twice  the  stiffness  of  the  nominal  diagonal  brace  elements. 


The  structure  is  initially  at  rest  and  is 
acted  upon  by  a  sinusoidal  load  of  p(t)  = 
sin  nt  as  shown.  The  loading  frequency 
U,  was  varied  from  1  to  10  rad/sec.  The 
control  rule  of  section  3  was  implemented 
to  minimize  the  energy  content  in  the  first 
mode  by  connecting  or  releasing  the 
control  elements  dynamically.  The 
damping  of  the  structure  was  assumed  to 
be  proportional  solely  to  the  mass  with  a 
first  mode  damping  ratio  of  0.01.  Table 
I  lists  the  frequencies  of  the  first  three 
inodes  of  all  eight  candidate  structures. 


•  Im  t  Im  t  Im  I 
E  ■  20.6E4  N/m’ 

A  •  0.008  m’ 
p  •  780000.  Kozm’ 

Fig.  6.  Planar  truss  with  three  control 
elements 


Figure  7  portrays  the  maximum  observed  normalized  vertical  displacement  as  a  function  of 
the  loading  frequency.  The  efficacy  of  the  control  scheme  is  contrasted  with  the  two 
limiting  cases.  These  cases  are  a  no  control  when  all  control  elements  are  disengaged  (0-0- 
0)  and  a  no  control  case  when  all  elements  are  engaged  (1-1-1).  The  0-0-0  case  nas  a 
maximum  normalized  deflection  of  58  occurring  when  the  loading  frequency  is  the  resonant 
one.  For  the  1-1-1  case  the  maximum  is  46.  For  the  control  case,  the  maximum  is  about 
28  and  occurs  at  a  loading  frequency  that  is  intermediate  to  the  two  limiting  structures. 
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Table  1.  Truss  resonant  frequencies  of  three  lowest  modes 
for  all  control  configurations 
Candidate  Status  Angular  Frequency  (rad/s) 
Structure  k,  kj  Transverse  Transverse  Axial  1 
1  2 


1 

“O' 

IT 

IT 

3.90 

13.3 

16.7 

2 

0 

0 

1 

3.98 

13.8 

17.4 

3 

0 

1 

0 

4.30 

13.3 

17.0 

4 

0 

1 

1 

4.35 

13.8 

17.7 

5 

1 

0 

0 

4.38 

19.2 

16.6 

6 

1 

0 

1 

4.50 

20.8 

16.9 

7 

1 

1 

0 

4.79 

19.8 

17.0 

8 

1 

1 

1 

4.89 

21.5 

17.4 

Figure  8  portrays  the  tip  vertical 
defiections,  normalized  to  the  static 
deflections,  for  the  uncontrolled  system 
(0-0-0)  in  resonance.  It  should  be  noted 
that  the  maximum  amplitude  of  Figure  8 
corresponds  to  the  point  of  Figure  7  at 
Q=3.90  rad/s.  Figure  8  clearly  shows 
that  the  avoidance  of  resonance  was  a 
byproduct  of  the  control  objective  of 
minimizing  first  mode  energy.  It  is 
important  to  emphasize  that  the 
proposed  control  rule  did  not  always 
result  in  a  reduced  deflection  amplitude 
over  the  uncontrolled  nominal 
structures.  This  is  seen  in  Figure  7  at  a 
resonant-like  peak  at  a  loading 
frequency  of  4.30  rad/sec. 

9. 


Fig.  7.  Maximum  normalized  displacement 
versus  loading  frequency 


The  time  history  corresponding  to  this  point  is  shown  in  Figure 
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Fig.  8.  Deflection  of  control  and  no  Fig.  9.  Deflections  of  control  and  no 

control  (0-0-0)  cases  at  0  =  3.90  rad/s  control  (0-0-0)  cases  at  0=  4.30  rad/s 
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6.  DISCUSSION 

The  algorithm  presented  in  this  paper  assumed  that  control  actions  consisting  of  adding  and 
remosing  stiffness  dynamically  can  only  take  place  when  the  candidate  control  element  is 
in  a  relaxed  position.  It  may  well  be  that  these  elements  can  be  controlled  to  release  their 
stored  energy  in  such  a  way  as  to  oppose  external  forces,  thus  functioning  in  a  similar 
manner  to  the  impact  mass  damper  discussed  by  Dehghanyar  et  al  (1987).  Such  an 
approach  would  also  serve  the  objective  of  transferring  low  mode  energy  into  higher  modes. 
Although  simulations  assumed  that  control  actions  can  be  made  instantaneously,  real  world 
actuators  have  delays  and  time  constants  that  must  be  incorporated  into  any  realistic  model. 
Ongoing  work  addresses  these  issues  and  we  are  proceeding  with  experiments  on  a 
laboratory  model. 

It  is  important  to  note  that  although  the  results  of  Figure  7  demonstrate  that  there  are  some 
excitation  frequencies  at  which  having  no  control  is  better  than  having  control,  a  strategy 
based  upon  this  requires  an  a  priori  knowledge  of  the  excitation.  Kobori  and  coauthors 
(1990a,  1990b,  1991)  have  proposed  the  sensing  of  earthquake  excitations  remotely,  analyzing 
the  spectral  content,  and  then  adjusting  system  stiffness  in  such  a  way  as  to  avoid 
resonance.  The  difference  between  the  Kobori  approach  and  the  approach  proposed  in  this 
paper  is  that  our  approach  is  based  solely  upon  the  measurement  of  structural  response  and 
does  not  require  forecasting. 

7.  CONCLUSION 

This  paper  described  a  structural  motion  control  theory  based  upon  adaptive  stiffness 
changes.  By  changing  system  springs  dynamically,  modal  energies  were  transferred  from 
initial  modes  to  different  modes.  The  approach  can  be  used  to  achieve  an  enhanced 
dissipation  of  the  vibrational  energy  by  transferring  low  mode  energies  into  higher  modes 
w  hich  have  accelerated  rates  of  damping.  This  objective  also  leads  to  reduced  structural 
deffections.  Simulation  studies  were  presented  on  a  simple  unforced  system  and  on  a  truss 
model  subjected  to  sinusoidal  forced  excitations. 
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Frequency-shaped  passive  damping  using  resistively-shunted  piezoceramics 
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ABSTRACT;  The  provision  of  adequate  passive  damping  is  an  essential  aspect  of  design 
for  practical  broadband  LTl  control  of  uncertain  structural  dynamic  systems.  Resistively- 
shunted  piezoceramics  offer  potential  for  significant  damping  v,  ith  advantages  over  more 
conventional  approaches.  Tailorable  frequency-dependence  is  especially  notable,  as 
damping  plays  different  roles  within  and  beyond  the  control  bandwidth.  Guidelines  for 
effective  material  selection,  placement,  and  shunting  are  presented  in  the  form  of  a 
modified  modal  strain  energy  method.  Applications  to  the  development  of  damped 
structural  composite  materials  are  also  noted. 


1 .  INTRODUCTION 

Vibration  damping  is  essential  to  the  attainment  of  performance  goals  for  many  engineering 
systems.  The  ability  to  tailor  frequency-dependence  of  damping  is  especially  important  in 
practical  active  structural  control  applications  employing  linear,  time-invariant  compensation. 
At  frequencies  above  some  crossover,  robust  gain-stabilized  performance  is  attained  by 
assuring,  loosely,  that  modal  damping  "rolls  off  no  faster  than  control  authority  (Greene  and 
Stein  1979).  At  frequencies  within  the  control  bandwidth,  robust  broadband  phase 
stabilization  of  uncertain  structural  dynamics  requires  a  minimum  level  of  passive  damping 
commensurate  with  the  level  of  uncertainty  (von  Rotow  and  Vos  1991). 

1  he  use  of  piezoelectric  materials  in  combination  with  resistive  and  resonant  shunting  circuits 
to  achieve  passive  vibration  energy  dissipation  and  resonant  response  reduction  has  been 
demonstrated  by  several  re.searchers.  including  Hagood  and  von  Flotow  (1991).  This  paper 
extends  earlier  work  by  addressing  the  use  of  multiple  resistively-shunted  piezoceramic 
elements  to  achieve  specified  frequency-dependent  damping.  Resistive  shunting  is 
emphasized  because  of  its  relative  broadband  effectiveness  and  in.sensitivity  to  tuning  errors. 

Resistively-shunted  piezoceramics  appear  to  offer  several  advantages  over  more  conventional 
approaches  to  passive  damping.  These  include:  1)  insensitivity  of  properties  to  temperature; 

2)  tailorable  frequency-dependent  properties;  .3)  high  stiffnes.s;  and  4)  ability  to  .serve  as 
actuators.  Di.sadvantages  include  high  density  and  gradual  changes  in  properties  with  time. 

2 .  DAMPING  DUE  TO  ELECTROELASTIC  RELAXATION 

Piezoelectric  materials  are  potentially  effective  for  damping  because  of  .strong  coupling 
between  mechanical  and  electrical  behavior;  vibratory  strains  produce  potential  gradients,  and 
the  resulting  currents  dissipate  energy  through  joule  heating  in  some  resistance.  Interpretation 
of  the  operative  physical  mechanism  as  an  ancla,stic  relaxation  permits  the  use  of  classical 
relations  (Now  ick  and  Berry  1972)  and  the  extension  of  established  tools  for  design  purposes. 
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The  electroelastic  relaxation  strength  may  be  found  from  consideration  of  the  appropriate 
material  constitutive  equations,  often  specialized  to  the  case  of  a  single  non-zero  sness.  The 
relaxation  strength  corresponding  to  a  scalar  material  modulus,  c^,  is  given  by: 

^  (Where  c^  is  a  modulus,  e  a  piezoelectric  coupling,  and  a 

pemiittivity;  superscript  "E"  indicates  constant  field,  "S"  strain) 

This  relaxation  strength  is  a  measure  of  the  coupling  between  the  displacement  and  electrical 
fields.  It  is  related  to  the  square  of  the  electromechanical  coupling  coefficient,  k,  another 
measure  often  used  to  describe  the  properties  of  such  materials.  From  classical  internal 
friction  relations,  the  corresponding  peak  material  damping  lo.s,s  factor  associated  with  this 
relaxation,  fitnax.  is  given  by; 

A 

2(1 +A)''^ 

Using  the  complex  modulus  representation  of  material  properties  (M  =  Mi  +  i  M2),  and 
assuming  multiple  discrete  relaxations,  the  frequency-dependence  of  the  storage  modulus. 
Ml,  the  loss  modulus,  M2,  and  the  loss  factor,  ri,  are  given  by; 

Tel  is  the  i’6  characteristic  relaxation 
time  at  constant  strain  and  Mr  the 
relaxed  (low-freq.)  modulus 

M,(a))=M^  X  A.  ^  =  where  Ri  is  the 

.  rcun.tiora  l-s(onrj)'  shuuting  resistauce  and  Cu)!^  the 

total  capacitance  at  constant  strain 

^  =  fin...  for  a  single  relaxation  and  x  =  Xr(l  +  A)''^ 

M|(a))  l+(o)x) 


M,(to)=  M, 


2-  A. 

I  reU^auens 


The  through-the-thickness  capacitance  of  a  single  piezoelectric  plate  is  given  by; 


(A  is  the  electrode  area,  L  the  thickness) 

(Qot^  is  twice  for  two  identical  capacitors  in  parallel.) 


.3.  DESIGN  GUIDELINES 

3. 1  Material  Properties,  Structural  Participation,  and  Frequency-Dependence 

The  total  modal  damping  of  a  built-up  structure  (or  composite  material)  can  be  estimated  as  the 
sum  of  constituent  damping  weighted  by  the  relative  cc  ntribution  of  each  to  the  total  strain 
energy  of  the  mode.  This  notion  can  be  extended  to  the  case  of  resistively-shunted 
piezoceramics  by  defining  a  "coupled  strain  energy  fraction"  as  follows: 

y-  _  Vp  U()  is  the  strain  energy  in  the  ba.se  structure; 

^  ~  u  ^  y  Up  is  the  strain  energy  in  the  piezoceramic;  and 

"  Vp  is  the  effective  coupled  portion  of  Up 

For  a  piezoceramic  element  bonded  to  the  surface  of  a  b<ending  beam,  Vp  is  given  by  an 
expression  of  the  form; 


P’C'ioi  crtiinit  Ihlinpiii'^  1  cfltiuqucs  II 


.^57 


(Volume  iniegial  of  noii-posilive 
semidefinite  quantity) 


Note  that  it  is  possible  for  Vp  to  be  netirly  zero  even  when  Up  is  not;  for  example,  when  a 
small  piezoceramic  element  is  nearly  centered  on  a  "strain  node,"  or  when  the  characteristic 
length  of  vibration  is  smaller  than  the  piezo  length.  This  characteristic  is  closely  related  to  the 
spatial  filtering  property  of  continuously  distributed  sensors  as  described  in  Collins  et  al 
( IWl ).  Tbe  effects  of  piezoceramic  placement  on  nuKle  shapes  and  strain  energy  distribution 
must  also  be  con  .idered  in  design,  as  should  the  frequency-dependence  of  material  modulus. 

The  piezoelectric  damping  added  to  a  stnictural  vibration  mtxle  '  j"  may  be  considered 
approximately  (for  small  d,uiiping)  as  the  sum  of  frequency-dependent  contributions  from 
each  of  "i"  elements,  each  with  its  own  rektxation  time. 

is  a  modal  damping  ratio,  but 
q,  is  a  material  damping  loss  factor. 


;;.(«)=  X  4n 


V* 

ma.x  1  I'j  i 


.V2  Experimenttd  Validation 

The  validity  of  these  guidelines  were  explored  using  a  series  of  cantilevered  beam  tests 
following  tho.se  de.scribed  by  Hagwd  and  von  Flotow  (1991 ).  Surface-mounted  piezos  with 
transverse  coupling  (kti)  were  used  (longitudinal  strains  and  transverse  voltage  gradients). 

Figure  1  summarizes  the  results,  which 
agreed  fairly  well  with  theory.  Peak 
damping  was  slightly  less  than  that 
predicted  using  manufacturer-fumished 
property  dat.'i.  but  in  good  agreement 
with  published  results.  The 
discrepancy  may  be  due  to  material 
aging,  imperfect  bsind  load  transfer,  or 

u. se  of  baseline  mixle  shape  to  estimate 
.-.train  energy  distribution,  f-or  the 
material  used,  the  value  of  kii  was 
approximately  0.}^. 

3..^  r-requency  .Shaping 

The  ability  to  specify  the  electroelastic  relaxation  lime  through  the  selection  of  a  shunt  resistor 
IS  one  of  the  mi'st  import.ini  features  of  passive  piezoelectric  damping,  A  dfsigncr  can.  by 
carefully  defining  a  combination  of  material  and  stiuctural  parameters,  tailor  the  frequency  - 
dependence  of  damping  to  suit  the  rec|uirements  of  a  specific  application.  Such  design 

v. inabF’s  include  the  piezoelectric  material  used  (and  its  -onstitutive  properties);  the  primary 
nuxle  of  defonnation.  electnxfe  kxations.  the  amount,  shape,  placement,  and  orientation  of  the 
piezcx’lectric  maienal  on  the  structure;  and  the  shunting  resistances. 
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As  shown  in  Figure  2,  different  kinds  of 
typical  material  damping  behavior  can  be 
approximated — however,  a  designer  need 
not  be  constrained  to  duplicate  such 
"classical"  behavior.  In  general,  for  a 
fixed  amount  of  piezoelectric  material, 
there  is  a  tradi.  retween  peak  damping  and 
effective  frequency  range.  The  design 
problem  is  similar  to  that  faced  in 
obtaining  a  discrete  relaxation  spectrum 
from  an  experimentally-determined 
material  dynamic  response  function. 


0-001  0  01  0.1  1  10 
Frequency  (adjustable) 

Figure  2;  Examples  of  Tailored  Damping 


4 .  POTENTIAL  APPLICATIONS  TO  COMPOSITE  MATERIALS 

As  noted  in  the  preceding,  piezo  placement  has  a  significant  impact  on  achievable  structural 
modal  damping.  However,  if  the  elements  could  be  scaled  down  and  proliferated  throughout 
a  structure,  possibly  as  reinforcement  in  a  structural  composite  material,  significant  material 
damping  could  be  achieved  without  sensitivity  to  placement.  Using  higher  longitudinal  3-3 
coupling  could  result  in  peak  loss  factors  in  excess  of  25%,  even  at  low  volume  fractions. 

Basic  research  in  progress  at  Penn  State  is  addressing  the  possibility  of  developing  such  a 
composite  (Yoshikawa  ec  al  1991 1.  Key  challenges  include  the  fabrication  of  piezoceramic 
whiskers,  poling  and  electroding.  and  providing  an  integral,  tailorable  resistive  path.  Needs 
in  the  area  of  mcxleling  /  optimization  may  be  met  through  the  development  of  multi-field  finite 
elements  (Lesieutre  1992)  or  network  impedance  models  (Hagood  and  von  Flotow'  1991 ). 

5  SUMMARY 

Resistively  -shunted  piezoceramics  offer  potential  for  significant  damping  with  advantages 
over  more  conventional  approaches.  A  modified  modal  strain  energy  method  has  been 
developed  and  tested  to  guide  material  selection,  placement,  and  shunting  in  the  pursuit  of 
tailored  frequency-dependent  damping  for  structural  control  applications. 
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A  case  study  in  passive  piezoceramic,  viscous,  and  viscoelastic  damping 
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K.  L.  Napolitano,  E.  M.  Austin,  CSA  Engineering,  Inc. 

L.  P.  Davi.-,  Hoiicywoli,  Inc. 


Abstract:  This  paper  presents  a  comparison  of  three  approaches  for  the  passive 
damping  of  the.  ASTREX  structure.  Open  loop  performance  from  specified  dis- 
turh^urces  (thrusters)  to  specified  responses  (iine-of-sight)  is  considered.  A  compu¬ 
tational  mode!  is  used  to  select  important  eigenmodes  on  the  basis  of  their  con¬ 
tribution  to  the  line-of-sight  error.  Important  structural  components  are  selected 
on  the  bacis  of  their  line-of-sight  weighted  modal  strain  energy  fraction.  Damped 
replacements  for  these  compc'nent.'-  are.  designed  using  piezoceramic,  viscous,  and 
viscoelcistic  damping  mechanisms.  The  comironents  incorporated  into  the  nrodcl 
and  the  relative  improvement  in  structural  dainping  response  are  compared. 

No  subtleties  are  attempted.  The  paper  doas  not  consider  either  structural  config¬ 
uration  redesign  for  damping  or  possible  synergism  between  passive  damping  and 
active  control. 

1.  INTRODUCTION  AND  BACKGROUND 

riie  purpose  of  this  paper  is  to  demonstrate  three  passive  damping  technologies'  on  a 
common  tcstbprl:  the  struv-tmc.  Obviously,  there  ate  situations  where  each 

of  the  technologic,?  shire  .  However,  this  is  not  an  attempt  to  showcase  one  technology. 
Rather,  it  is  an  attempt  to  show  the  advantages  ot  each  technology  on  a  realistic  struc¬ 
ture.  In  the  end,  we  should  all  hope  that  the  aerospace  community  will  recognize  that 
:ui  integrated  approach,  perhaps  one  using  a  combination  of  the  three  technologies,  is 
the  best  way  to  approach  complicated  problems. 

rhe  overall  appnjach  i,=;  to  chijose  a  dynamics-based  figure  of  merit,  define  a  .set  of  target 
modes  and  structural  members  that  affect  it  greatly,  do  component-level  designs  for  each 
technology,  and  assess  each  concept’s  effect  on  the  figure  of  merit.  A  logical  measure  for 
etfect  ivenes;^  of  a  dajuping  treatment  on  this  type  of  striicture  is  line  of  sight  disturbance 
duo  to  slew  thruster  inp’it 
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■I I  !i\c  Material.',  and  .  Uhtplivc  Sinu  tiirc.s 


2.  PASSIVE  DAMPING  TECHNOLOGIES  ADDRESSED 


2.1  Passive  Piezoelectric  Damping 

Piezoelectrics  materials  aie  elastic  cer;unics  ;irid  polymers  which  have  the  ability  to 
I'flicicntly  c<  invert  mechanical  energy  to  electrical  etiergy  and  vice-versa.  This  property 
hru?  made  tlicin  ijopular  as  actuators  and  sensors  in  active  vibration  control  systems. 
This  dual  transformation  ability  also  makes  them  useful  fis  passive  structural  dampers. 
In  passive  energy  dissipation  applications,  the  electrodes  of  the  piezoelectric  are  shunted 
with  a  passive  electric  circuit.  The  electrical  circuit  is  designed  to  dissipate  the  electrical 
energy  that  has  been  converted  from  mechanical  energy  by  the  piezoelectric. 

The  effectiveness  of  the  piezoelectric  damper  is  dictated  by  its  coupling  properties  and 
the  configuration  in  which  it  is  used.  The  fundamental  material  property  is  the  elec- 
i  romechanical  coupling  coefficient,  k.  whose  square  represents  tlie  percentage  of  applied 
mechanical  strain  energy  which  is  converted  into  electrical  energy  luid  vice-versa.  The 
value  of  the  coupling  coefficient  (and  hence  the  piezoelectric  effectiveness)  is  dependent 
on  the  configurations  of  operation  can  be  described  as:  Longitudinal  (stress  and  field 
applied  parallel  to  the  poling  direction!,  'lYansverse  (stress  perpendiculai'  and  field  par¬ 
allel  to  poling),  and  Sheaifstress  applied  about  an  axh  perpendicular  to  poling  while  the 
field  is  perpendicular  to  both).  The  coupling  coefficient  in  the  longitudinal  and  shear 
( orifigurations  is  apjproximately  2.5  limes  that  in  the  transverse  direction. 


'lire  simplest  electrical  shunt  circuit  for  passive  damping  is  a  resistor.  Other  circuits 
i.an  lie  visualized  and  have  been  reported  elsewhere  [Ij.  A  resistor  provides  a  means  of 
'  iiergy  di.ssipation  on  the  electrical  .side  and  thus  increases  the  total  piezoelectric  loss 
factor  above,  that  of  the  unshunted  i)iezoelectric.  With  a  shunted  resistor,  the  ceramic 
liehav'-s  like  a  starnlard  first-order  viscoelastic  material.  The  material  properties  of  the 
resistive  shunted  piezoelectric  can  be  rei'iresented  as  a  comple.x  irusdulus  as  is  typically 
done  for  viscoelastic  materials,  —  .&’(a.>)il  ■(  iri(u.')),  where  E  is  the  ratio  of 

i^huiited  stiffness  to  open  circuit  stilfiiass  of  the  piezoelectric  mid  r;  is  the  material  loss 
factor.  The  nondirnern-iionai  expressions  for  ?/  and  K  are 


_  Er 

'1  -  -'Pi  Tp-' 


/)  -  !{(  ' 


where  e  r-  the-  iiondiniensiona.1  frequency  ratio,  k  is  the  I'lectroinechanii  al  coupling  cri- 
i‘ffn'i<'nt.  R  is  the  slninting  resist amji’.  and  is  the  clamped  piezoelectric  cai.)ac.ilance. 
These  leialions  ha\e  been  plotted  versus  p,  the  non<iimen.sional  frequency  (or  the  nondi- 
riieiisiona!  resislance;  ir,  figure  1  lor  a  typic.a]  value  of  the  longitudinal  Coupling  coefii- 
ei.Tit,  .As  illustrated  in  the  graph:-,  fur  a  given  resistance  the  modulus  of  the  piezueleclric 
' ’’angi'S  from  its  short  circuit  value  ai.  low  frequencies  (about  that  of  alumumni)  to  its 
■  ipen-cin  uit  value  at  high  fiequenries  The  transition  is  tirst  order,  witfi  the  tr.ansition 
lo  qucricy  being  IK.  ',  where  ('*  is  the  capacitance  of  tlie  piezoceramics  elcclrocies,  R  is 
rile  resistance.  The  material  loss  facto;  jieak.s  at  this  transition  treque.ncy  at  a  value  of 
1  IT  for  longitudinal  or  shear  use  ami  lor  tnuisvcrse  u.se.  'The  pc,int  of  maxiiiiiim  loss 
‘:ii  t  can  be  assigned,  to  the  desired  frequemey  by  ai.'irropriati'  choice  ol  resist  'r. 

VThile  tlie  T  s-s  t.iet'"-  levels  .arc-  not  as  high  ,a.  those  for  viscoelasMc  materials,  the  high 
.-t  ifhii  ss  :  '’.'•1  t  ll'a,  u  l.S.a  x  KP'  jisii  ui  t.h-'  shunted  piiv.oelcctric  in:.iteria!s  (tygiic  allv  a  cp. 
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1  10 
Rho  (Nondimcnsional  Prc'juoncv  or  Resistance) 


Imciii-''  1:  i\-i>  iiifiit-finl  ;)ivi|>(>r!  ios  of  a  n;sisti\'cly  sli'iiin:.'d  jji-'-.s .‘.'I'.'Oi t  ic  iti  the  liiiit;!- 

!  ii'liaal  r;u'-'“ 

:  itiiiol  alliiws  thorn  tci  store  many  times  the  strain  '■jii'rity  of  iho  viscooltustic  for  a  oiven 
stt  iin,  Tlio  pifoof-loofric  niatcna!  ]>rc.p<>rti<‘s  ar<  als"  rolatively  lomporat tiro  iiidepoii- 
■ioni  liolcr.v  their  Curio  t.emperaiurt  (toinporatnro  at  v.-ltieli  they  l<iso  tlieir  piezoelcrttrie 
priipovtios,  typically  in  the  ranpe  icf  several  hundred  ‘'('i.  'Tiie  itie'/oelt'otric  material  den¬ 
sity  I--  7.r,  onn/ein^.  0,27  ll)s/in  ')  is  much  liiglit’r  than  that  of  visci a-histic  materials, 
h'  o.vp'.  or 

! ’-c ‘  pi'.'C'  M'or.arnic  dainpiii,!;  is  a  rocont  dovli >pini;iit  (1,  2|  and  ha,s  y.t  IhuikI  iici  ap- 
I'lirafioii  oiiji.j^ide  the  research  lahoratoiy.  In  principle,  .,ne  ,shiiuhl  cutnpare  this  iiuiicrial 
liii'  etly  with  'pcilviner  vise.  Kilrc^tic  inaterial.s  descriheii  ii.  Section  2. '2  In  this  eoinpai  is.iii, 
[  le/, i  rejiii.  s  ■liuntefl  with  a  lesi.ste.r  are  stilfer,  in.ii.'  .lense  ami  ni.jr.-  hriitl.'  and  ha\>, 

I  !■ 'we;  ji.'ak  los.s  faetni.  A  further  itot’Tili.al  ci'jn.siilenit it>n  is  that  they  may  l.x;  used 
sinmh  ane.  ea-'y  as  act  uat(.rs  am!  as  danipint;  elouieui '.oj.  Om-  pint'irs.-  .2,  tins  paper  is 

l. '  make  tins  .  iinpans.  ti  mere  iju:ui‘.il  at  ive 

2.2  Viscoehcstic 

l’a,''.o\'e  .kanipme  iLsiny  vis. .elast  ic  uiat-Tialsi' V  l-iM  s  '  is  used  widelv  in  li.tfi  <'. 'ininercial 
a,mi  aerosp.K  •'  applications  \’isr.  .clast  les  are  claslon.enc  mateiiais  \vli,,:-e  i.sicLt-cliaiii 

m. .!e, Miles  o.j;-;.  flietii  t.i  c.;.;u’ert  mechanic.'il  .tneiyy  inti.  Ileal.  'wh‘.-n  th.'v  ao'  defiirme!! 
I',  rh,  sps  ■tie  most  import. uit  advanta.Lte  ..j  V'KM’s  is  tlmir  lii.t;!',  r.itio  of  los.s  modulus 
i-‘  .Oiirai;.  i:.‘.''hihis  I'lie  pr. rpert le;-:  of  .-isri leiastie  materials  \vii*:i  d.lorim'.l  in  shiv'u 

•  .  h  'lT.i.  *  t)v  i  h‘-  loss  nio.hilu-  (!  ' .  tlie  sloray..  in.s.inlns  i.  ,  and  tlie  loss  ta.  ioi 

'[’he  .s-  la. 'or  i.M  a  Ti.e.i.siire  of  T.he  .neies  dissii'-it  I'.n  .apaeitv  of  the 
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material,  and  the  storage  modulus  is  a  measure  of  the  stiffness  of  the  material.  The 
storage  modulus  (often  called  simply  the  shear  modulus)  is  important  in  determining 
how  much  energy  gets  into  the  viscoelastic,  and  the  loss  factor  determines  what  fraction 
of  that  energy  is  dissipated. 

Typical  applications  for  VEM’s  are  constrained-layer  treatments,  damped  struts,  and 
tuned-mass  dampers.  VEM’s  are  particularly  well  suited  for  damping  local  and  global 
bending  modes  via  constrained-layer  treatments.  When  integrated  into  a  structure  dur¬ 
ing  the  initial  design,  constrained-layer  treatments  can  results  in  net  weight  savings. 
VEM’s  are  good  for  damped  struts  because  it  provides  a  loss  mechanism  for  bending, 
axial,  and  torsion  deformations.  VEM’s  are  most  useful  in  moderate-band  temperature 
environments  and  can  be  quite  sensitive  to  operating  temperatures 

2.3  Viscous 

.•\  viscous-damping  technique  offering  high  damping  for  spacecraft  truss  structures  has 
been  under  development  now  for  several  years  [4,  5,  6J.  The  technique,  known  as  the 
D-Strut'-^^,  employs  a  small,  mechanical  viscous  damper  configured  in  an  inner-outer, 
tube-strut  configuration.  The  D-Strut  serc'es  as  a  basic  element  in  a  truss  structure, 
replacing  the  nominal-t>q3C  strut.  The  viscous-damping  concept,  employed  in  more  com¬ 
pliant  isolation  systems,  has  been  qualified  for  at  least  three  space  applications  and  is 
currently  flying  in  the  Hubble  Space  Telescope,  where  its  function  is  to  isolate  distur- 
fiances  emanating  from  the  attitude  control  Reaction  Wheel  Assemblies  (7,  8]. 

d'he  United  States  Air  Force,  the  Jet  Propulsion  Laboratory  (JPL),  and  NASA's  Lewis 
Research  Center  (LeRC'i  ;ir>;  independently  investigating  the  use  of  D-Struts  in  high 
specific-stiffness  truss  structures.  The  D-Strut  is  simple  in  design  and  construction,  easy 
to  model,  and  readily  incorporated  into  the  overall  structure  desi,gn  and  analysis  process. 
Key  features  include  high  damping,  low  temperature  sensitivity,  large  dynamic  range, 
d.amping  independent  of  stiffness,  and  linear  purely  viscous  performance. 

3.  ANALYSIS  AND  LOS  RESPONSE  TO  SLEW  TORQUES 

A  line-of-sight  eqiiation  w:is  entered  into  the  b;\seline  ASTREX  lini'i'  efeniciit  model  that 
accoimted  for  motion  in  the  tertiary  mirror,  ;md  individual  action  of  each  of  (  he  .six  seg¬ 
mented  mirrors.  Undamped  modes  were  caJculated  up  to  100  Hz  usiu.it  MSC.'N.ASTRAN 
Since  actual  input  forces  were  unknown,  equal  and  upin'site-  forci’,',  were  applied  at  the 
location  ot  the-  thrusters  to  simulate  a  slew  rnaneuviu .  Rather  than  having  N.'VS'FRAN 
I  alculate  a  response  function  tor  the  LOS.  a  technique  using  the  modal  residues,  R.  was 
employed  This  is  a  little  more  itrecise  than  the  response  function  Since  the  memi 
:  qiiare,  of, t<,r  l,jw  mijdal  i.werlap  is  proportional  to  Li" /gu.';) .  a  merit  fa.- ten  of  /P',  .,.',', 
was  (alculafe.l  fur  each  incide  and  normalized  so  that  its  sum  wa.-  I  dins  .illowed  the 
rnvtdes  tci  be  ranked  according  to  then  contribution  to  l.OS 

The  next  ste.pi  w.-as  to  .assess  which  elements  have  the  most  modal  strain  •■ii,.igy  in  the 
tuodec  tdiat  have  the  gieate,=:t  effect  on  LOS.  .A  sinii'le  way  to  ifo  this  is  to  multiply  the 
vectair  of  residuals  by  the  mcid.al  strain  energy  litr  each  elomc.nt.  Thi.s  amounts  te, 

the  tiiatrix  prciduct  of  the  MSP  veetor  x  n.„,.  !  and  tin-  vector  of  x  and  y  1  ')S 

residuals  i  n,r,,,.,>,  '  '  1  lie  n„„,,  "  P  resultant  is  the-  i.t  iS- weight*’. i  MSF.  (or  L(  .ami 

!.t)S._  rii*'  highest  vaiues  in  ea.-h  column  represent  .■i•■nll■nt^  ti.aviug  th.-  nr..'t  inllimnc*' 
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Mode 
N  ‘1 . 

Fretp 

(Hz) 

Contribution 
to  R.MS  (%) 
(0-100  Hz) 

Percent  Modal  Strain  Energy 

IVacker  Struts 

Tripod  Legs 

extension 

bonding 

extension 

bending 

29 

•18.6 

25.C 

1 1 .44 

1  38 

1.78 

43,76 

It; 

2  6. '2 

21.8 

9.79 

1.15 

0.57 

6.44 

18 

28.9 

15.6 

17.07 

14.7,8 

2.51 

2.67 

2(1 

30.0 

6.1 

0.34 

0.17 

2.74 

1.79 

0 

15.9 

•18 

4.49 

0.49 

1.10 

18.77 

.'.is 

04.3 

3.5 

5.11 

1.66 

4. 28 

1.37 

J 

11.9 

2.8 

0.49 

0.11 

4.77 

64.35 

w  80% 


I'lihlc  1:  Rrorikdown  of  MSE  in  iiioilns  import .'uit  t.ci  LOSi 


Mode 

No. 

l-Veq. 

(Hz) 

Contiitiution 
to  HMS  (%,,t 
(0-100  Hz) 

Percent  Modal 

Strain  Energy 

Tracker  Struts 

Tripod  Legs 

extension 

bending 

extension 

bending 

9 

15.9 

3-1  s 

4.49 

l.IO 

18.77 

19 

29.2 

21. 3 

19.78 

16,27 

1.09 

1 .60 

18 

28.9 

6.0 

17.07 

1.1.7, 8 

2.51 

2.67 

29 

48.6 

4.2 

1 1 .44 

1 .3  '' 

1.78 

43.76 

■'} 

40.3 

4.0 

8.94 

tr,6^ 

7.53 

.5.33 

J  J 

3:', ,2 

3.3 

003 

0.55 

7  ‘-to 

■1.7.8 

o '' 

2,.'' 

•5.11 

1.66 

!  .37 

%  7i;% 


rahlf  2:  Hrr'akilovvn  of  MSE  in  nioik's  iiui!<irla?it  in  EOS,,, 

ni!  tlif-  1,(  )S  nvor  tii>?  set  of  n,n,..d/-<  inodes.  'I'his  v-sis  used  to  rlionse  the  stU  i.it  elements  iis 
t, .-'.reefs  for  p.-tssive  fl'iiupirie. 

k’emetit.-.  v,-.  ;e  ;-..,;ted  icriirduic,  to  rhi'ir  ’.veifthted  MSE  value-  to  ileteritiilte  wlii-'h  eon- 
M-i!  iUO'd  r he-  r-,,  i..t  o  ,  i  ji*  ter.  'Eihles  1  and  2  list  I l-ie  top  lev.  iiner-ent  ti-ej  III-  ides  te,r 

's-.eh  direefion  alsUii:  v.'ith  tlii'  modal  strain  eiinrev  in  stiine  kev  erouj.is  ot  tnembeis The 
'lo'od.  lees  ;e,d  rh'-  ttu.ss  iiie-iiiheis  conneelint;  the-  trai-kers  to  the  has'diiie-  truss  ei.n- 
Oii.ii'.  d  ;h‘  m  ot  I"  utter,  aiid  v.-'-n-  therefore  ehosen  to  f'e  d-utipe.;  As  ‘lalA-s  1  and 
.t  di.  t  [.'■  m  isints'  I  t  h"  enete-.-  i;.  ip.-  t  raeker  stmts  is  evrensi-  ■tn!.  aiid  'h-  maj'  'ft!  v 
;:i  til"  1 1 1; " " i  I'-t's  is  ti'-n<h:a: 


1.  <:'()Mf>()NENT  DESKdNS 


d  i  ■  '  isie:  i  he  :  pe,  lUrat  tons  stltili'-SS  .llld  aeieht  were  as  toll..wS 

t-i'  .  iluat.  -1  at  II  I  11/  he  at  k-.u-l  that  o'  the  ulekunpe.i  \-ersioIi 

i*e.;  e  O  i  11.'  ot  tr;e  '•/■■"I  lees  i  -  i'  ie-ist  Tad  that  ol  tlie  utldamped 
'  s -t!  vi  .•tojia-.-  hi  A  eviiu.iie-i  at  ul  11/  oi  l-oih  the  tiaeke;  struts 
■r-.'s  i-e.a'  !e:o'  To'"  thu  tin  undamped  version  Eor  sunpli-'tt  the 
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Longitudinal  Piezoelectric  Stacks  Half  Thickness  Composite  Tube 


Figi.li>-;  2:  Schetnatir-  of  pin/.. trio  (iaiupod  luenibcr  design  showing  internal  composite 
tube  ami  external  piezorieriric:  stack? 

4.1  Piezoelectric 

i'iie  'iialleTige  i?  to  select  a  geonietrp  for  incoriiori'.i  ing  tie-  (luite  si  ilf  i^ie/.ocoraniit;  ima- 
teri:-d  into  the  aluininuin  'gr.iphite-epoxy  strut,  i'he  goal  is  to  bring  tis  large  a  fraction 
as  pi.ssible  of  the  strain  energy  into  the  piczocenunie  niateriaJ,  lioth  in  exton.sion  Mid  in 
liending  within  tlie  stiffness  constraints  outlined  aliove.  i’he  methodology  of  designing 
the  struts  will  l.ie  jiresented  in  tie-  f...>lli,>wing  paragiaptis.  iiie  methodology,  Init  not  t.he 
.'u-tu.'tl  diineiisions  wa.s  I'i'.-niir.ti  toj-  the  triicker  and  'rip'oil  designs. 

It  is  nec-es.sary  to  redu(.:e  the  stiifm-.ss  of  t.lie  unrlanipi.-d  material  in  the  strut  ,  the  gra¬ 
phite  o'lxixy,  ami  rejilriee  this  stilfiiess  -vvitli  liiat  due  |..i  the  pjezoreramic.  We  considered 
rerlucing  the  gr;iphitt:,i.;poxy  wtill  ihiekness  fn>in  12tl  milli-imhes  (12  i>ly)  to  .'-iO  milli- 
inelies  (i  ply  at  45°,  0°,  and  4')°),  l.mt  rejected  th.-it  idea  a.s  too  rtwlictil  and  chose  instead 
tci  reduce  the  graphite 'cjioxy  tubt'  wall  thickne.ss  by  half  to  fjl.l  milli-inehes.  In  order 
to  recover  the  strut’s  stiffness,  the  n^-inoved  grapliite/epo.xy  is  replaced  with  three  'mn.,, 
stack;-;  of  l.ingituriimilly  orienteil  [>iezocer,-unic  wtifers  of  IDO-imlli-inch  thickne,ss  inter¬ 
laced  '.vith  Copper-beryllium  elecirotles  of  l-niilli-imii  thickness,  rhese  long,  slender 
I'lezoi-er.ainu-  stac.ks  must  tee  constrained  from  buckling  tiy  n'straining  tliern  to  the  re- 
m.iimny  graiifute/ej.ioxy  tul.e.  iiiey  must,  .also  be  couii.iressed  to  avoid  tmisile  stresses 
dui  it.g  cipc  rat  ion.  liiis  is  ,u  comphshed  by  end  plate-s  compressing  i  he  stacks  and  putting 
tie  c.Miiposite  tube  III  teiisnm  l-igiit'-  2  is  .askeli-h  of  the  c(.mc(-i>l 

I  he  r.a.i!--.van  thickness  halves  tile  /-.’,4  and  of  ttie  mr-nitiers.  T  his  must  lie  recovered 
b;.  tb>-  addition  of  the  pie-,--.ceramii-  elements.  The  total  area  of  ilie  piezoeleit  Mr  stack 
I  .'Ur-h  tb.at.  tfic;  total  /•,',4  of  llie  damped  niemlier  (t.ul”;  iilus  pie/.o-st  acks  •  would 

ecjuai  til,,  of  fh(>  original  itieiriber  Since  the  pn-zoelectri'  stiffness  is  a  funciiou  of 
tle(|U'iu\.  F<j  ill,  this  slitlne,--s  mat.-liiug  was  done-  at  the  noiidinietisioual  freijuen,.--, 
Cl irreNpi inding  to  the  imaxiinutti  pi' zoelect.nc  loss  tai  ioi  From  ili,  tlie  value  of  this 
ni.'Lvimuiii  loss  tacioi  ;ind  p  value  at  which  it  oi'euis  is  given  ly. 


ti  1.1 1 1  ; 
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Component 

Units 

Thacker 

Tripod 

Composite  Tube  Area 

7n®(xl0”'') 

3.64 

6.17 

Piezo-Stack  Area 

7n®(xl0-'‘) 

3.02 

7.14 

Total  Area 

Tn.®(xl0”'') 

6.66 

13.33 

Composite  Tube  Inertia 

0.58 

2.01 

Piezo-Stack  Inertia 

mV  10”®) 

0.49 

2.33 

Total  Inertia 

m'‘(xlO-®) 

1.07 

4.34 

Effective  Stiffness,  E^ff 

GPa 

81.20 

96.05 

Mass/Unit  Length 

kg/m 

2.72 

6.98 

Table  3:  Section  Properties  of  Damped  Ti'ucker  and  Tripod  Tubes 


The  frequency  at  which  this  maximum  material  loss  factor  occurs  is  selected  through 
appropriate  choice  of  the  shunting  resistor.  In  the  damped  member  designs  the  peak 
loss  factor  was  arbitrarily  set  to  30  Hz  by  selecting  a  resistor  such  that  RC  was  equal 
to  35  X  10”®  rad/sec.  The  particular  value  of  the  resistance  depends  on  the  capaci¬ 
tance  and  lengths  of  the  specific  member  under  consideration.  Better  performance  could 
have  been  obtained  through  more  careful  loss  factor  tuning  of  the  individual  members 
independently. 


Having  determined  the  total  area  of  the  individual  members  independently,  it  is  possible 
to  determine  the  effective  frequency  dependent  stiffness  of  the  member.  The  total  EA 
of  the  piezoelectric  stacks  (subscript  p).  It  takes  the  form 


EEffioj)  - 


AqEc  -f  ApEpiw) 

Ap  -1-  Ap 


pD 


(a®  -f  w®) 
(6®  -t  u®) 


(1  -h  i- 


OjJ 


a‘  +  U.I- 


(3) 


where 


a  =  36.58  Hz,  b  =  45.36  Hz,  c  =  15.86  Hz 

u!  is  frequency  in  Hz,  and  the  values  of  ^'e//  for  the  tracker  and  tripod  members  are 
given  in  Table  3. 

The  next  step  is  to  determine  the  bending  stiffness  of  the  damped  members.  The  stiffness 
constraint  on  the  bending  moments  is  that  El ImP  of  damped  members  must  be  no  less 
than  75%  of  the  original.  Since  the  piezoelectric  is  very  dense  this  requirement  drove  the 
moment  of  inertia  of  the  designs.  The  total  El  of  the  damped  member  must  obey  the 
relation 


El, 

4  rrioia 


f4i 


Once  the  El  of  the  damped  member  is  fixed,  the  inertias  can  be  obtained.  The  composite 
tube  was  arbitrarily  chosen  to  contribute  half  of  the  bending  stiffness,  El .  This  required 
increasing  the  radius  of  the  composite  tube  40%.  The  inertia  of  the  piezoelectric  stacks 
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v/cis  then  calculated  using  the  piezoelectric  stiffness  at  maximum  loss  factor  as  was  done 
for  the  iuea  design.  As  a  result  of  this  design  method  the  effective  modulus  for  bending  is 
the  Siunc  as  that  for  extension  and  thus  the  same  loss  is  achieved  in  bending  or  extension 
of  the  damped  member. 

The  above  discussion  has  omitted  detailed  redesign  of  the  aluminum  end  fittings,  of  the 
rf.'straint  between  the  piezoceramic  stacks  and  the  graphite/epoxy  tubes,  of  the  mecha¬ 
nism  by  which  the  piezoceramic  stacks  would  be  pre-loaded  in  compression,  and  of  other 
details.  We  cannot  claim  to  have  much  design  experience  with  these  details.  Fiezoce- 
ramic  damping  has  never  beeri  attempted  ai  this  scale  and  as  such  this  design  should  be 
considered  high  ri.sk  (  though  feasible).  Half-meter-long  piezoelectrically  damped  struts 
have  been  previously  manufactured  and  shown  [.3]  to  perform  as  predicted  The  damp¬ 
ing  achieved  in  j.'ij  is  much  larger  than  that  achievivl  from  those  designed  since  re.sonant 
ptussive  circuits  were  used  rather  than  simple  resistors. 

■1.2  Viscoelastic 
4.2.1  Tracker  Struts 

'I'o  gain  insight  into  how  this  damped  st.nit  operat.es,  one  can  represent  the  strut,  as  a 
Ci  'mliination  of  complex  springs,  a,s  shown  in  Figure  3  To  concentrate  the  strain  energy 
in  th.c  V'^FM  and  therefore  obtain  a  higher  strut  loss  factor,  /v  should  be  ma.ximized. 
Tin,''  is  analogous  to  two  springs  in  .'^erie.s.  In  order  to  maximize  tlie  strain  energy  in  one 
spring,  the  Either  must  be  relatively  stiff  Tlierefon',  constraining  layer  should  be  as  stiff 
■as  pios.'iible,  Only  the  weight  requirement  limits  its  maximum  stiffness.  l  ikewise,  Ahtaac 
must  f'e  ininirnized.  ff'his  correspond.^  to  two  spuiiigs  in  parallel.  In  order  to  nia,vimize 
the  strain  energy  in  cme  spiring.  tVie,  other  must  be  rekuively  conipliant.  1  herelore,  one 
wants  to  minimize  the  st.atic  stillness  of  the  strut  and  minimize  the  stiffness  of  the  static 
load  path  A  pihysical  interpretation  is  .as  fallows.  'I  he  constraining  lavpis  restrain  the 
X  F.\f  when  a  lijad  extends  the  st.atic  tube.  The  relative  displacement  betwe'eri  the  static 
tube  and  constraining  laver  puts  the  \’FM  in  shear  ,  eausin.g  energy  to  be  d,issipiat,ed  .n 
scheimitic  .it  the  design  is  shown  in  f’igure  .1. 

\  EM  st.rui.i  liavp  several  inherent  .advantages  First,  VHM's  are  r. if>ust  and  can  take 
high  slioi  k  iciad.^  wiiliout  fe.ar  of  cat .xstrophe  Thev  eaii  e.asily  handle  over  UlO  ’v;  strain 
due  to  .static  lo.id.'^,  and  the  VFM  dampun.g  rlemeTii  i.  very  light-weight.  In  tins  itesign, 
'lie  ■.'tscoel.a.st ;e  materi.il  weighs  less  than  l).t(7  If'S  [wr  strut.  X'liM  strut.'  ran  .lamp- 
,i  omhiiiat  ion  .if  I'eniiing.  extensioii,  .and  t..rsion.a’  del.  .rni-ations  Frope.;-  sele.  t  ion  .  .f 
vis.  '  •  I  is';e  m.i'enab  ami  \as.-.  .elas' m:it.iua.i  d]meiOi.,T!s  ensurf-s  a  high  li.s<  tan..!  at 
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Figxire  4:  Schematic  of  viscoelastic  damped  strut 

a  desired  frequency.  VEM  damped  struts  can  also  sustain  a  respectable  loss  over  a  wide 
frequency  range  by  selecting  a  VEM  with  a  moderate  loss  over  a  wide  frequency  range. 

Tfiis  strut  design  has  several  advantages.  The  static  load  carrying  tube  will  counter  any 
and  all  static  leads  placed  on  the  strut.  VEM  creep  is  not  an  issue  becau.se  the  static  tube 
I)rovides  a  robust,  elastic  load  path.  Because  the  VEM  is  placed  inside:  tlie  static  tube,  it 
is  protected  from  the  environment.  The  constraining  layer  is  a  unidirectional  composite, 
an  ideal  application  because  the  dynamic  loads  seen  are  axial  to  the  material.  This 
reduces  strut  weight  significantly.  As  composite  materials  become  lighter  and  stiffer,  the 
strut  weight  will  be  determined  by  the  weight  of  the  damping  element,  which  for  VEM 
damped  struts  is  very  small.  It  is  easy  to  fabricate.  The  VEM  selecuxl  is  commercially 
Sold  as  a  structural  adhesive,  and  will  be  used  to  bond  the  constraining  layers  to  the 
static  load-carrying  tube.  Any  local  resonance  of  the  constraining  layers  should  be  w-ell- 
damped. 

It  w'fis  decided  that  the  total  cro.ss-section  area  of  the  strut  should  be  no  more  thari  twice 
that  of  the  baseline  strut.  If  more  material  is  used,  strut  performance  is  enhanced.  The 
constraining  layer  chosen  is  a  unidirectional  composite  with  the  properties  E  =  .33Msi 
md  p  ---  0. 0.5-5;^.  The  load-carrying  member  is  the  same  composite  material  used  in 
the  baseline  stnrt.  The  VlcM  chosen  is  3M  Y966,  with  the  propertie.s  evaluated  at  73°F. 
Tfie  final  dimen.sions  were  static  tube  thickness  =  0.08",  constraining  layer  thickness  — 
0.1, 5’',  and  VEM  thickness  -  0.014”.  A  finite  element  model  of  the  strut  was  built.  By 
reducing  the  static  tube's  area  by  one-third  and  apply'ing  the  rest  of  the  .area  to  the 
constraining  laver,  a  stifiness  of  0.77  that  of  the  baseline  tube  at  O.i  Hz.  w'as  achieved 
The  extensional  stiffne.s.s  and  loss  were  measured  via  a  DPR.  Because  the  frequencies 
considered  are  well-below  strut  re.sonance,  the  mass  terms  in  the  equation  of  motion  can 
be  ignored,  scj 


’k  ,  j.  Vr 

-  —  .  and  h,  ..  ^ 

7J:-  u;  i-  Uj 


( ’ai'^ulat mg  heiidiijg  loss  is  not  .ts  slrciiglit  lorwanl.  rwt)  ond  static  loads  wcie  applied 
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to  the  strut  FEM:  a  bending  moment  and  then  a  lateral  force.  For  both  loading  case,  all 
end  DOF’s  except  that  of  the  load  were  constrained.  The  rotation  (displacement)  of  the 
moment  (lateral  force)  was  measured  along  with  the  applied  force  and  the  constrained 
force  fixed  DOF’s.  The  corresponding  stiffnesses  were  calculated  and  used  to  back  out  a 
corresponding  £/  for  each  type  of  loading.  The  average  El  was  used  in  the  FEM.  The 
bending  loss  was  calculated  by  multiplying  the  average  percent  strain  energy  of  the  two 
deformed  shapes  by  the  "V'EM  loss  factor  at  the  desired  frequency. 

4.2.2  Tripod  Legs 

An  excellent  feature  of  VEM’s  is  that  they  can  be  used  to  design  add-on  damping  treat¬ 
ments  t.j  exi.«ting  structures.  The  tripod  leg  damping  treatment  was  designed  as  such. 
Since  the  MSE  of  tripod  leg  modes  9  and  29  was  in  the  top  3/4  of  the  tripod  legs,  a 
constrained  layer  damping  treatment  on  the  top  3/4  was  designed.  Eight  unidirectional 
composite  staves  (E  =  33Msi,  p  —  0.055^,  t  =  0.09  in),  were  placed  on  the  tripod  leg 
as  constraining  layers  to  a  40-mil-thick  VEM.  A  finite  element  model  of  the  tube  was 
built  with  simply  supported  end  conditions.  In  first  bending  mode  of  the  tripod  leg,  18 
percent  of  the  strain  energy  entered  the  VEM,  which  roughly  corresponds  to  a  loss  of 
0.21.  More  loss  could  be  achieved  with  a  stiffen  constraining  layer.  With  CL  thickness 
of  0.13  in.,  22  percent  MSE  enters  the  VF3M.  Approximately  15.3  pounds  was  added  to 
each  tripod  leg,  bringing  the  total  weight  of  one  tripod  leg  to  30.3  lbs. 

4.3  Viscous 

A  cross-sectional  view  of  a  D-Strut  is  shown  in  Figure  5.  Primary  elements  are  the 
damping  cartridge  and  the  inner  and  outer  tubes.  The  damper  cartridge  is  placed  in 
series  with  the  inner  tube.  The  damper  and  inner  tube  are  then  placed  in  parallel 
with  the  outer  tube.  An  axial  displacement  acro-ss  the  strut  produces  a  displacement 
acros.*--  the  damper.  Under  an  axial  displacement,  the  damper  forces  fluid  through  a 
siirall-diameter  orifice,  thereby  causing  a  shear  in  the  fluid.  This  fluid  is  proportional  to 
the  displacement  rate  across  the  damper  and  produces  a  force  directly  proport.ional  t.o 
deflection  velocitv 
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k-i  -  Outer  Tube  Stiffness 
k2  -  Inner  Tube  Stiffness 
k3  -  Damper  Static  Stiffness 
k4  -  Damper  Volumetric  Stiffness 
c  -  Viscous  Damping  Coefficient 


Figure  6:  D-Strut  equivaJent  model 

Compliance  of  the  damper  and  the  inner  and  outer  tubes  is  key  to  the  damping  element 
performance  of  the  D-Strut.  I’he  damper  is  the  most  compliant  element;  the  inner  tube 
is  the  least  compliant  element.  The  outer  tube  provides  the  basic  static  stiffness  of 
the  strut,  making  it  pertinent  to  applications  where  the  strut  is  a  critical  load-bearing 
element  in  the  structure. 

4.3.1  D-Strut  Model 

A  D-Strut  is  accurately  modeled  by  five  physically  lumped  paiameters.  as  indicated  b>' 
Figure  6.  If  there  is  an  element  such  as  a  quick  disconnect  de'-ice  iii  senes  with  the 
D-Strut,  or  if  there  is  hub  compliance,  a  fifth  spring  (ks)  is  placed  in  series  with  the 
above  model. 

'File  primary  parts  of  the  D-Strut  contributing  to  the  stiffnesses  ki  througii  kr.  are  iden¬ 
tified  in  Figure  1  by  the  k  values  located  next  to  the  part  names.  Best  performance  is 
obtained  when  the  inner  tube  (k2)  is  several  times  as  large  as  the  outer  tube  (k\)\  when 
the  volumetric  stiffness  of  the  ai'ched  flexure  (1:4)  is  very  large  compared  to  the  axial  stiff¬ 
ness  (fca)  (100:1  or  more);  when  the  series  or  hub  stillness  ik^)  is  at  least  as  large  as  (.Tj); 
and  when  [ki]  is  two  or  more  times  as  large  as  {k/j  These  stiffness  values  dictate  the 
magnitude  of  the  damping.  When  the  above  conditions  are  satisfied,  loss  factors  of  .'i0% 
to  100%  occur.  The  damping  coefficient  (c)  can  be  establislied  by  selecting  fluid  viscos¬ 
ity,  diameter,  and  length  of  the  shear  annulus,  lianges  from  1  to  10,000  Ib-.sec/  in.  have 
been  obtained.  A  much  larger  range  is  obtainable.  The  selection  of  c  sets  the  frequenc}- 
range  in  which  the  damping  occurs.  A  high  value  of  c  provides  low-frequency  c'amping 
while  a  low  value  provides  high-frequency  damping,  the  selection  of  (^2)  cairie.s  with  it 
the  primary  weight  penalty,  thus,  a  trade  between  weight  and  damping  factors  is  essen¬ 
tial.  The  weight  of  the  damping  element  is  relatively  small,  however,  it  is  a  function  of 
diameter  and  a  secondary  trade  is  sometimes  indicated,  iki)  is  approximaiel)'  the  static 
stiffness  of  the  strut  and  is  generally  dictated  by  the  system  or  modal  requirements. 

4.3.2  D-Strut  Design  and  Results 

lo  be  consistent  with  the  viscoelastic  strut,  the  D-Strut  design  was  restricted  su  that 
cruss  sectional  area  of  the  undamped  strut  would  not  he  increased  more  than  2  lo  1 .  The 
static  stiffness  of  the  new  design  w;is  to  be  no  le.ss  th.an  7.5%  of  the  undaniiu  d  lube  t.liai. 
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it  replaced.  The  inner  tube  modulus  was  to  be  33,000,000  ^  and  its  density  0.055 
Its  outside  diameter,  ranging  from  2.6  to  2.75  in.,  was  selected  to  fit  inside  the  original 
or  outer  tube  whose  inside  diameter  was  2.83  to  2.845  in.  A  load  limit  of  5000  lb  was 
idso  selected.  Review  of  the  modal  data  suggested  that  best  results  would  be  obtained 
by  selecting  the  damping  coefficient  to  provide  peak  damping  in  the  vicinity  of  30  Hz. 
for  realism,  an  existing  D-Strut  design  from  the  SPICE  program  was  selected  as  the 
iijiseline  (see  Figure  5),  and  the  inner  tube  and  outer  tubes  were  modified.  The  flexure 
provided  a  Ica  —  950  Ib/in.  and  a  =  1,950,000  lb. /in  was  not  altered.  The  end  fittings 
fur  this  design,  also  remained  the  same,  provided  a  ks  =  1,000,000  Ib/in.  With  this, 
the  new  design  was  roughly  optimized  by  trading  off  wall  thickness  for  the  inner  tube 
to  balance  performance  and  weight,  dery  high  damping  was  achieved  without  further 
increases  in  tube  thickness.  (See  Element  Damping  Factor  %)  The  damping  coefficient 
wms  selected  to  center  the  maximum  damping  at  or  near  30  Hz. 

•1.3.3  Viscous  Bending  Mode  Damping 

Pending  mode  damping  by  viscous  techniques  has  not  been  includi.'(l  in  this  analysis.  As 
a  re.sult,  significant  performance  loss  will  result,  particularly  due  to  the  lower  bending 
modes  of  the  tripod  legs.  Two  schemes  that  provide  visctnis  ilaniping  do  exist.  One 
uses  two  bellows  arranged  with  the  annulus  between  them,  similar  to  the  viscous  isolator 
used  on  the  Hubble  Spave  relcscope.  The  other  is  a  multiport  arrangement  that  can  be 
implemented  witfiin  the  F)-, Strut  iJumping  cartridge.  Time  limitation,  along  with  space 
limitation  within  this  paper,  precluded  consideration  or  evaluation  of  these  approaches. 

5.  EFFECT  ON  LOS 

0.1  Ajialysis  Methods  for  the  Damping  Treatments 

The  L(!).S  will  he.  assess’-.i  via  a  direct  frequency  response  (DFR.l  of  the  line-of-sight 
eiiuatii)!!  from  1  to  100  FIz  (minus  the  contribution  of  rigid  body  modes).  The  RMS  of 
this  curve  will  be  the  figure  of  merit.  The  jitter  reduction  will  be  the  ratio  of  this  integral 
to  a  baseline  integral  having  a  baseline  0.5%  staiotural  damping  (Q  -  200). 

•5.1.]  Piezoelectrics 

luincti'iiis  of  Young’.s  iiiodulu.s,  E'lw')  /f(u;)(l  1  irjlu:)},  tiie  areas,  and  moments  of 
inertia,  vviire  supplied  for  both  tracker  .struts  and  tripod  leg  damping  treatments.  Both 
th<-  t  wuding  and  exten.si.jual  stitfnesses  exhibited  a  peak  loss  factor  of  0.22  at  35  Hz.  E 
■uid  r;  were  evaluated  at  6,  16,  .30.  49,  .and  75  Hz.  To  account  for  the  frequenev  dependent 
properties  of  the  damping  treatment.  DER’s  from  1-10  Hz,  10-20  Hz.  20-40  Hz,  40-60 
Hz.  and  60-100  Hz  were  .apjdi'xl  using  the  corresponding  values  ot  E  and  t;  Frequencies 
at  16,  .39,  and  4',t  Hz  apply  to  tlie  already  determined  significant  mode.s  to  be  damped. 
l'ertorm,Lnre  .it  the  modes  ck  inteiest  should  be  fairly  accurate. 

.5.1.2  Visroelastic.s 

I  he  same  analysis  as  ah>ive  wa;  aiiplied  to  the  viscoelastic  struts  However,  each  strut 
IV, Ls  separated  into  bending  anil  extension  element.s  to  account  tor  the  different  bending 
lud  •'xt'Uisional  loss.  Since  no  accurat'’  rnet.hod  of  representing  the  VEM-damped  tripod 
legs  as  a  series  of  beam.s  could  be  devised,  the  det.ailed  finite  element  model  used  tei 
des;y;t,  the  trii'od  l''gs  was  directlv  msert'^d  int"  tfi''  svst.em-lcvol  mnrie.l  .figain,  VEM 
.st  .e.ige  mndul'is  and  loss  factor  w-  re-  varied  according  to  the  de.sired  frequency  range. 
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Figure  7:  Comparison  of  LOSj  PSD's  resulting  from  each  damping  tc'chnology 


5.1.3  Viscou.s  Struts 

.4  throe  jjarameter  model  of  the  viscous  strut  was  supplied,  dlio  static  tube  was  repre¬ 
sented  ;is  a  bar  element  with  both  bending  and  extemsioiial  stiffness.  I’he  tube  caiTying 
the  dynamic  loads  was  represented  as  an  axial  element  only.  A  dashpol  was  inserted 
dire<  tly  into  the  model  to  simulate  the  damping  element.  A  DFlt  from  1  i.o  lOti  Hz  was 
then  performed. 

Figures  7  and  8  show  PSD’s  of  the  X  and  Y  LOS  between  1  and  lUO  Hz.  Assessing  the 
elTcct  I'f  each  of  the  d.arri7)ing  treatments  on  the  lino  of  sight  is  a  difficult  t:ask;  one  that 
teiiuires  rnrjre  than  just  comparing  the  RMS  values  of  the  l^OS  over  a  broad  frequency 
range.  None  of  the  designers  of  the  damping  treatments  was  given  complete  freedom  to 
eXT^loit  their  damping  technology,  due  to  the  specifications  described  earlier.  Since  modes 
were  attacked  selectively,  the  results  must  be  interfueted  selective.ly.  In  general,  there  is 
a  fair  amount  of  coujiling  between  the  tracker  strut';  and  tripod  legs  in  the  modes  most 
imiiortant  to  LOS.  Consequently,  each  damping  technique  addresses  each  mode,  with 
varying  degrees  of  success.  Rather  than  identifying  modes  in  which  [(.articular  dani[)ing 
t;.  r.triionts  were  effective,  we  will  look  at  how  each  addresses  two  important  ‘  classes"  of 
modes:  exteiKsional  energy  m  the  tiacker  struts  and  bending  of  the  trijifad  legs. 

While  Leriditig  of  tripod  legs  are  tyiheallv  the  greatest  single  source  of  LOS  error  for 
:g,i  lU't  ures  such  as  ,'\.S  rREX,  this  is  not  entirely  thi'  ca.se  here.  I’here  is  n.  i  local  mode  of 
idle  tripod  legs  that  cont.nbutes  significantly  to  LOS.  Laldes  1  and  2  show  that  t  he  large.st 
lonyle  j.'ortioii  (jf  the  MSEl  in  the  two  iiiudes  contributing  the  most,  to  I.OS  (modes  2!)  aiul 
2.  res[)ertivelv,i ,  there  is  enough  extensioiial  energy  in  the  tracker  struts  for  tlie  viscims 
o  .  iniidogv  to  provide  respectah!i:  sv-stem-level  loss  I-'igme  p  shows  this  tor  modes  !i  at 
H/  .and  22  at  Hz 
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Figure  8:  Coinparisoi!  of  LOSy  PSD’s  resulting  from  each  damping  terfinologj' 


20  22  24  26  28  30  32  34  36  38  40 

Frequency  (Hz) 


Figure  y  LOSy  for  each  diuiiping  technology  plotted  against  baseline  between  20  and 
40  Hz 
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Strut  Length 
(inches) 

Baseline 

(pounds) 

VEM  Strut 
(pounds) 

Viscous 

(pounds) 

Piezoelectrics 

(pounds) 

42.48 

2.03 

3.84 

3.52 

6.50 

30.79 

1.55 

2.78 

3.02 

4.71 

50.58 

2.39 

4.52 

4.83 

7.74 

.39.50 

1.65 

3.55 

3.81 

6.04 

TOTAL 

22.4 

42.6 

43.4 

72.4 

Table  4:  Weight  of  clamped  tracker  struts 


Freq. 

(Hz) 

VEM  Strut 
(exteii/beading) 

D-Strut 

(exten/bending) 

Piezo.  Strut 
(exten/bending) 

6 

.17/. 061 

.27/0.0 

.069/.069 

16 

.27/,  10 

.59/0.0 

.16/.16 

30 

.31/. 11 

.69/0.0 

.22/. 22 

50 

.34/. 12 

.61/0.0 

.21/.21 

75 

.34/.  13 

.47/0.0 

.17/. 17 

Table  5:  Average  extension  and  bending  loss  of  damped  tracker  struts  at  selected  fre¬ 
quencies 


Modes  16,  IS,  and  19  are  characterized  by  conccutrations  of  modal  strain  energy  in 
both  extension  and  bending  of  the  tracker  struts.  Each  of  the  tluee  damping  treatments 
addresses  these  modes  well.  Even  addressing  only  extension,  the  D-Strut  has  such  a  high 
loss  factor  ne.ar  30  Hz  that  it  is  the  most  effective.  Both  the  piezoelectric  and  viscoelastic 
concepts  are  effective  also,  mainly  because  the  same  damping  mechanism  addresses  both 
bending  and  extension. 

Table  4  presents  the  weights  of  the  damped  tracker  struts.  The  weight  of  the  viscous 
mid  viscoelastic  elements  aie  e.ssentially  the  same.  The  piezoceramic  element  is  heavier 
because  its  clamping  element  is  inherently  dense.  Table  5  presents  the  average  extension 
and  bending  los.s  of  each  damped  strut  concept  at  different  frequencies.  Of  the  three 
the  viscou.s  strut  perfonns  best  in  extension,  but  has  no  bending  loss  is  implemented 
currently.  The  VEM  performs  well  in  extension  and  fair  in  bending.  The  piezocerainic 
performs  equally  well  in  both.  Depending  on  the  strut  deformation,  a  different  strut  can 
be  chosen. 

The  add-on  damping  treatment  for  the  VEM  damped  tripod  leg  adds  15.31  Ib/leg, 
bringing  the  total  weight  of  each  tripod  leg  to  50.31  lb.  Each  piezoceramic  damped 
tripod  leg  is  79.19  lb.  The  loss  factor  of  the  tripod  leg  is  the  same  as  the  piezoelectric 
struts.  The  loss  factor  of  the  VEM  damped  tripod  cannot  be  assigned  because  the  end 
conditions  csixmot  be  defined.  However,  the  first  bending  mode  of  a  simply  supported 
tripod  leg  has  a  predicted  loss  factor  of  0.21. 

6.  CONCLUSIONS 

Each  of  the  damping  treatments  periormed  well,  given  the  requirements  on  weight  and 
triinimurn  .static  stiffness,  and  eacii  is  capable  of  playing  an  important  roll  in  providing 
pas.sice  damping  for  a  vai  ipty  of  structures.  Table  6  gives  RMS  values  over  some  selected 
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Case 

L.OS,, 

LOS, 

10-100  Hz 

20-40 

24-31  Hz 

1-100  Hz 

20-40  Hz 

26-31 

Undamped 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Viscous* 

0.83 

0.86 

0.84 

0.89 

0.72 

0.56 

Piezoelectric 

0.78 

0.83 

0.80 

O.SO 

0.76 

0.75 

Viscoelastic 

0.80 

0.8G 

0.87 

0.71 

0.65 

062 

*no  tripod  ieg  damping  treatment 


Table  6:  Scaled  RMS  values  over  selected  frequency  bands 

frequency  ranges.  As  c;in  be  observed,  selected  the  frequency  range  can  “influence” 
which  damping  treatment  performs  best.  The  total  ASTREX  FEM  weight,  excluding 
pedestal  wei.ght  is  8,394  pounds.  The  heaviest  damped  struts  make  up  less  than  0.63% 
of  the  weight  (.see  Table  7).  Even  including  the  piezoceramic  tripod  legs,  tlK'  added  mass 
due  to  passive  damping  is  only  2.29o. 

There  arc  many  factors  that  must  l)e  considered  is  choosing  an  approach  to  damping: 
effcctivenes.s,  cost,  schedule,  maintenance,  etc.  Again,  the  goal  of  this  paper  was  not 
to  (dioose  a  “winner.”  Rrither,  it  was  to  look  at  the  strengths  and  weaknesses  of  each 
objectively.  With  that  in  mind,  here  are  a  few  observations: 

Piezoelectric: 

•  Has  the  advantage  that  the  lo.ss  mechanism  is  also  a  structural  material,  albeit  an 
undesirable  one  (brittle  with  the  stiffness  of  aluminum  and  density  of  .steel). 

•  Is  temperature  in.sensitive  (up  to  about  250  C)  and  can  alsci  be  used  as  an  actuator. 

•  Limited  ex-perience  bsise. 


V  iscoelastic: 

•  Effective  for  bending,  axial,  and  torsional  strain.s. 

•  Temperature  sensitivity  depend.s  on  pe;ik  loss  factor;  it  can  he  verj'  high 

•  Temperature  control  needed  for  uncontrolled  eriviroinnenl.';,  but  .sm.aii  amounts  of 
VEM  require  small  amounts  of  heat- 

•  Designs  arc  generally  fairly  simple,  and  the  materials  are  robust  in  the  presence  of 
shock  and  high-strain  loads- 

•  Large  e.xperience  base,  including  many  operating  flight  .applications. 

•  Generally  very  iriexp„r,.sive  to  fabrii;ate. 


Viscous; 


•  Though  pos.siliie  to  adapt  for  bending  defonnations,  this  medianism  i.s  b>’  far  be.st 
suited  for  axial  deformations. 
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Treatment 

'Pracker  Struts 

Tripod  Legs 

Total 

mass 

added 

%of 

ASTREX 

mass 

added 

%of 

ASTREX 

mass 

added 

%  of 

ASTREX 

Viscous 

2l,0 

0.25 

n/a 

0 

21.0 

0.25 

Piezoelectric 

52.9 

0.63 

132.6 

1, 58 

185.5 

2.21 

Viscoelastic 

20.2 

0.24 

45.9 

0.55 

66. 1 

0.79 

Table  7;  Weight  added  to  ASTREX  Structure 

•  The  fluids  are  somewhat  sensitive  to  teinperatiu-e  variations,  but  much  less  than 
high-loss  VEM’s. 

•  Large  experience  base;  many  flight  miles  logged 

•  Loss  mechanism  inherently  requires  precision  labricatii.iii;  this  could  lead  to  high 
per-unit  costs  unless  vohunes  are  high. 
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Design  and  development  of  passive  and  active  damping  concepts  for  adaptive 
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McDonnell  Douglas  Space  Systems  Company.  Huntington  Beach,  CA  92647 

ABSTRACT;  .Many  types  of  spacecraft  are  expected  to  need  shape  control 
and  structural  vihratioti  suppression  systems  to  meet  their  performance 
i'e(|uirements.  Because  the  operational  lifetimes  of  these  spacecraft  will  be 
long,  changes  may  occur  which  necessitate  that  the  vibration  control 
subsystems  adapt  to  maintain  performance.  This  investigation  is 
concerned  with  tfie  development  of  two  different  vibration  suppression 
techniques  that  use  piezoelectric  energy  conversion  to  enhance  vibration 
dissipation.  The  ultimate  goal  is  to  develop  structural  struts  which 
incorporate  these  techniques  that  may  be  installed  in  a  generic  truss 
st  ruct  Lire, 

1  ENHANCEMENT  OF  DA.MBINO  USING  A  TUNED  ELECTRONIC 
SHU. NT 


When  a  structure  is  vibrating,  its  components  are  mechanically  strained. 
I’iezoelectric  materiiils  can  convert  this  mechanical  strain  to  electric 
potential,  allowing  an  electrical  network  to  be  added  to  extract  energy. 
Hagood  et  al  11988,1990]  have  shown  the  results  of  adding  a  passive  shunt  to  a 
truss  with  piezoelectric  members.  The  work  reported  here  is  a  further 
de\  elopment  of  that  work. 

For  passive  and  active  control  investigations,  MDSSC  designed  and  fabricated 
;i  number  of  piezoelectric  struts,  each  consisting  of  lead  zirconate  titanate 
iRZT)  hollow  cylinder  segments  wrapped  with  a  fiberglass/epoxy  outer 
coating.  The  design  was  modified  from  one  used  by  Hagood  et  al  [1988,1990]  by 
the  addition  of  an  electrically-isolated  PZT  element  that  could  be  used  as  a 
sensor  independently  of  the  other  elements  in  the  strut.  Figure  1  shows  the 
design  of  the  MDSSC-fabricated  piezoelectric  struts.  An  electric  field  applied 
between  the  outer  radius  and  the  inner  radius  created  axial  deformation. 
.Mechanically,  the  segment.s  were  connected  in  series,  and  electrically  all  but 
one  of  the  cylindrical  rings  were  connected  in  parallel.  The  strut  has  a  static 
force  constant  of  approximately  0.45  NA^,  and  it  exhibits  the  hysteresis 
commonly  found  in  piezoelectric  materials. 

The  MDSSU  USl  truss  is  shown  in  Figure  2,  and  is  used  as  a  testbed  for  the 
shunting  experiments.  It  uses  .Meroform  components  as  did  the  MIT  truss. 
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however  it  is  longer  (9.5  vs  5  meters)  and  has  half  as  many  piezoelectric  struts 
( two  vs  four). 


ATTACHMENT  ELECTRICALLY  ISOLATED  PZT  TUBE  ELEMENT 


Figure  1.  The  MDSSC  Piezoelectric  strut  (dimensions  in  mmi. 


Prigure  2.  The  location  of  the  piezoelectric  struts  within  the  MDSSC  CSI  truss 
(diagonals,  node  spheres,  and  suspension  cables  omitted  for  clarity). 

Piezoelectric  materials  under  mechanical  excitation  behave  similar  to  a 
capacitance  electrically  in  parallel  with  a  voltage  source  (see  F’igure  3).  A 
pure  resistance  is  the  only  means  to  dissipate  energy,  because  both  capacitive 
and  inductive  elements  can  store  energy,  but  not  dissipate  it.  There  are 
optimal  values  for  either  both  types  of  shunts,  and  the  optima  are  determined 
by  energy  dissipation  relationships  [Hagood  et  al  1988,19901. 


Figure  3.  Klectric  Circuit  Fquivalent  of  Piezoelectric  Material  and  external 
RL-Shunt 
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Ijargc  values  of  inductance  are  usually  required  because  of  the  low  natural 
frequencies  involved.  The  natural  frequencies  /„  of  the  shunted  piezoelectric 
strut  are  related  as  follows,  where  L  is  the  added  inductance,  and  Cp  is  the 
capacitanc(“  of  the  piezoelectric; 


With  fp  around  10  Hz  and  Cp  about  1  pF,  the  value  of  L  is  in  the  hundreds  of 
henries.  Inductors  in  this  size  range  are  very  heavy  and  possess  significant 
internal  resistance,  usually  higher  than  that  for  optimum  dissipation. 
Reducing  the  resistance  or  increasing  the  “Q"  of  the  inductors  may  be 
accomplished  at  the  expense  of  additional  mass,  by  increasing  the  gauge  of 
the  wire  and  the  mass  of  the  inductive  material.  This  is  contrary  to 
mass/payload  constraints  for  large  space  structures. 

To  eliminate  the  large  mass  associated  with  the  necessary  values  of 
inductance,  we  developed  a  “simulated  inductor"  (patent  pending)  composed 
of  operational  amplifiers  and  passive  circuitry  connected  as  a  gyrator,  which 
can  produce  any  desired  inductance  with  just  a  few  simple  electronic 
components.  The  value  of  the  simulated  inductance  may  be  easily  changed  by 
a  variable  resistor,  meaning  (hat  it  may  be  possible  to  have  passive  damping 
circuits  monitor  the  frequencies  to  which  they  are  subjected  and  alter  their 
own  characteristics  in  order  to  optimize  their  behavior.  'I'he  electronic  circuit 
used  to  simulate  a  large  inductance  is  shown  in  Figure  4. 


Figure  4.  Inductor  simulated  ly  operation:)!  amplifier  circuit. 

The  measured  results  of  applying  a  single-mode  tuned  shunt  containing  an 
;ictive  inductor  to  the  first  bending  mode  of  the  MDSS(^  (iSl  Truss  are  shown 
in  Figure  .5.  The  figure  shows  the  first  mode  resonance  peak  with  the 
piezoelectric  strut  in  an  open-circuit  condition  together  with  the  first  mode 
resonance  with  the  active  inductor  shunt  connected.  Comparison  shows  that 
both  the  amplitude  and  frequency  drop  upon  application  of  the  tuned  shunt. 
The  amplitude  dropped  11  dB,  corresponding  to  a  damping  ratio  increase 
from  0.068'')  to  0,2.6'')  of  critical. 

To  be  practical,  a  vibration  dissipation  system  must  work  on  a  range  of 
frequencies,  not  just  a  single  mode  of  vibration.  We  set  out  to  attempt  to 
enhance  the  damping  of  two  modes  simultaneously  with  the  addition  of  a 
second  shunt  circuit  tuned  to  the  added  mode,  as  shown  in  F'igure  6,  We 
tjuickly  learned  that  adding  a  second  shunt  circuit  tuned  to  the  third  mode 
detuned  both  itself  and  the  first  mode  shunt,  meaning  that  mutual  loading 
effects  had  to  be  considered.  Our  analysis  assumed  that  the  values  of  the 
resistances  R\  and  R-i  were  proportional  to  the  numerical  values  of  the 
corresponding  inductances,  because  resistance  is  proportional  to  the  length  of 
copper  wire  which  in  turn  is  proportional  to  the  value  of  inductance.  V'alues 
for  /,  / ,  /,  ).  and  Cj  were  chosem  in  order  to  set  the  two  frequencies  of  the 
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denominator  as  near  to  the  first  and  third  mode  frequencies  as  possible.  With 
Cp  =  472  nF,  the  values  used  for  Lp  I.j,  and  f.'v  were  144  H,  37.45  H,  and  196  nF 
respectively. 


Fiviire  5.  An  1 1  dB  damping  increase  in  the  first  bending  mode  of  the  MDSSC 
(^SI  Truss  was  obtained  through  the  use  of  a  shunt  containing  a 
simulated  inductor. 


MODK 1  MODE  2 

SHUNT  SHUNT 


F'iguie  6.  Electric  f'ircuit  Depiction  of  Two-Mode  Shunt 

This  configuration  was  breadboarded  from  passive  components  and 
successfully  used  to  simultaneously  damp  the  first  and  third  mode  of  the 
.MDSSC  CSl  truss,  as  shown  in  Table  1.  The  second  mode  was  not  targeted 
because  the  piezoelectric  struts  have  little  participation  and  thus  effectiveness 
on  this  mode.  Over  10  dB  of  reduction  was  achieved  for  each  of  the  two 
targeted  modes. 


TABLE  I.  RESULTS  OF  TWO-MODE  SHUNT  DAMPING  EXPERIMENT 


.Mode 

Damping  Ratio 

I'f  Critical) 

C  Increase 

Reduction 

No. 

Unshunted 

Shunted 

(U  ) 

IdB) 

1 

0.0397 

0.146 

;i68 

3 

0.0381 

0.200 

.525 

2  A  SELF-.MODULATED  SHEAR  LAYER'D)  ENHANCE  DISSIPATION 


The  concept  of  a  constrained  layer  damping  treatment  may  be  augmented  by 
using  piezoelectric  ceramics  to  increase  the  amount  of  shear  strain  energy  in 
the  viscoelastic  material  (VPi.Mi  layer.  This  will  increase  the  damping 
provided  by  the  constrained  VEM  layer.  The  classical  constrained  layer 
Iri'atment  uses  a  rigid  constraining  layi'r  on  top  of  a  flexible  V’EM  to  increase 
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the  amount  of  shear  in  the  VKM  over  that  of  a  free  VEM  layer  alone.  Our 
concept  replaces  part  of  the  structure  with  PZTr,  and  the  constraining  rigid 
layer  with  PZTc,  as  shown  in  F’igure  7.  The  piezoelectric  effect  causes  the 
enihedded  structural  PZT  to  produce  a  voltage  when  the  structure  deforms. 
Hy  electrically  connecting  the  embedded  PZT  to  the  constraining  layer  PZT  in 
opposite  polarity,  we  can  increase  the  amount  of  shear  strain  energy  in  the 
\'EM  layer  and  hence  increase  the  damping  of  the  system  without  adding 
energy. 


\l,. 


II 

+ 

•  -9<:i — H 

V,. 


Figure  7.  I’he  top  view  shows  the  geometry  of  the  modulated  shear  layer. 

The  middle  view  shows  a  conventional  constrained  layer,  and  the 
bottom  figure  shows  how  the  length  of  the  constraining  layer  is 
modulated  to  increase  the  shear  in  the  viscoelastic  material  (dark 
shading),  which  in  turn  is  attached  to  the  structural  memher 
(light  shading). 

I'he  two  PZ'l’s  are  electrically  modelled  as  two  capacitors,  Cg  and  Cg.  When 
the  embedded  PZTg  is  strained  due  to  structural  vibration,  a  voltage  is 
generated  and  appears  at  the  constraining  layer  PZTg.  Once  the  \oltage 
across  the  PZTs  is  determined,  PZTc  and  the  VEM  then  act  approximately  as 
a  surface-bonded  actuator  with  finite  bonding  layer  and  the  analysis  pi'oceeds 
similarly  to  that  of  de  laiis  and  Crawley  [19851  and  Anderson  and  Crawley 
I  1989|.  PZT  partimeters  arc  chosen  to  maximize  the  strain  in  the  VFiM 

Figure  8  shows  the  normalized  system  damping  versus  the  VF3M  thickness 
divided  by  the  F’ZT  thickness  for  the  layup  shown  subjected  to  a  sinusoidally 
\aiying  axial  load.  The  two  curves  plotted  represent  analytical  results  for  two 
different  models.  These  results  indicate  that  from  a  few  percent  up  to  five 
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tmn  s  more  damping  can  be  obtained  wben  the  PZTs  are  connected  compared 
ID  i\hen  they  are  unconnected  <shown  as  shaded  region).  The  unconnected 
ia>i  IS  similar  to  a  classical  constrained  layer  damping  treatment  ,.ith  a 
rigid  constraining  laser.  Experiments  are  planned  to  determine  the  best 

miidel . 


l•'lgI,!■e  S.  Systt'in  damping  can  be  significantly  increas  •  when  PZTs  are 
connectc'd  oscr  that  of  a  cbissical  constrained-layer  dtimping 
ireatmimt  '  luiconnecti.'d  PZ'I'-  . 

1  ri  ).\(  lT'Si()xs 

.\  'hunt  employing  an  inductor  simulated  by  lightweight  electronic  circuits 
ssu'  shown  to  be  an  effective  means  of  increasiiig  the  damping  of  the  system 
without  the  added  mass  of  passive  inductors.  A  tuned  electronic  shunt  was 
m.ide  to  simultaneously  dissipate  two  modes  of  vibration.  The  design  of 
multiple-mode  shunts  must  considei-  the  system  a.'  ;i  whole  rather  then  each 
-hunt  independentl\  fiecause  of  lotulmg  effect s. 

The  PZT\’K.\1  concept  analysis  showed  llnil  with  typical  imitenals  ;i  potential 
damping  increase  of  as  much  as  five  times  o\er  ;i  conventional  constrained 
la  \  oi'  w  as  possible. 
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An  acousto-elcctroiiuiiinciie  pic/(iclcc(ric  wau^iiidc-coupler 


[oiiias  \'alis.  Andreas  11.  von  Flotow.  and  Neshilt  W.  Hagood 


Depart iiK'nt  of  Aeronautics  and  Astronautics 
Massachusetts  Institute  of  'technology 
Carnlrridge.  MA  O'dl.'V  ,  I'.S.A. 


Abstract 

I  licory  and  I'xpcriincrit  aic  prcscntf'd  for  a  device  which  couples 
travelling  waves  in  an  electrical  transmission  line  with  flexural  wavi's 
in  an  idastic  heani,  ('ou[di'.g  (.>f  the  two  wave  typi's  is  achievf'd  nsin.g 
a  seiiinented  piezoelect ric  I  lyer  adhered  !■)  the  heatu  an<l  coimected  to 
the  transmission  line,  1  he  key  design  parameter  is  the  nomlimensional 
coupling  length  .X  simple  ('X|)ression  for  calculating  its  magnitude  is 
den\ed,  Icir  the  design  n.sed.  this  length  was  jiredicfed  to  he  four 
waM  lengths.  Kxperimenis  yielded  a  similar  value. 


1  Introdiu  !  ion 

rdheient  cotijilirig;  of  electrical  tind  st nn  tiiral-acoustic  power  opens  up  the 
possibility  of  electrically  inodifviii.g  the  stni'’tura,l-aconstic  [trnpi'rlies  of 'ac- 
tivf'  materials  and  adaptive  structures'.  A  cotninercial  application  of  sucli 
conpliiig  is  the  dev.  lopment  of  ring-type  piezoelectric  travelling:- wave  motors 
wliicli  are  used  a.s  antofocus  di.ves  on  do  lum  cauieras[l].  Flie  motor  eon- 
verts  an  (dectrical  drive-signal  to  a  rireiilatinp;  flexural  wave-  in  a  stet'l-ring 
'Soitor'  which  generates  a  torcpie  on  a  mated  'rotor'.  Linear  travelling- wave 
niotors[2]  are  difLiciilt  to  desi;T[i^  owing  to  tlie  need  for  efficient  coupling  of 
flexural  waves  into  and  nut  nf  a  linear  stator-track.  G.,e  can  envisage  large- 
scale  applications  of  this  tc'chnoloey  *o  generate  and  absorb  travelling-waves 
in  structures. 

Lhe  .standard  chnirc'  for  coupling  travelling  eleetromagnetic  wave's  is  tlic' 
"2x2'  ronph'r  used  in  both  microwave  and  optical  wavc'giiidc'  rirniits.  Its 
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I''ii>:ur<'  1:  i; volution  of  llio  cnnigy  (list ribution  along  two  [tarallol.  coupled 
o|)l  leal-fiber  cores,  according  to  (a)  tb*'  ( oiiplod-modo  conce|)t.  and  (b)  the 
nonnal-niode  concept.  In  the  case  of  an  aconsto-olectroinagnetic  waveguide 
coupler,  one  guide  is  elect roiuagnetic.  t lie  otlier  one  is  acoustic.  After  Dakin 
iind  ( ’nlsliaw[.‘f]. 


tlieory  of  opf'ration  (illustrated  in  Fig.  1 ).  analogous  to  the  transfer  of  energy 
lietwt'en  two  coupled  pendula.  is  described  in  most  waveguide  texts[l].  File 
presmit  work  takes  tlie  idea  of  a  waveguide-coupler  and  e.xtends  it  to  tlie 
cast'  of  coupling  between  an  electrical  transmission  line  and  an  ela.stic  beam. 
Similar  work  was  done  by  Flaer  and  Kino[.5],  who  considered  coti])ling  a 
transmission  line  to  longitudinal  acoustic  waves,  and  by  Hagood  and  von 
Flotow[()j  who  considered  tuned  coupling  to  vibrating  structures. 


2  Coupled  Wave  Equation 


The  following  section  presents  ,t  dt'seription  of  coupled  modes  between  waveg- 
nidi's  with  second-  and  fourth-order  spatial  derivatives.  I'he  analysis  is  for 
( otit inuous-impt'dance  media:  spati.il  discretization  is  smeared. 

rh('  (temporally)  IVui rier-t ransformed  coupled  wave  equation  for  two 
( odirect  ional  wavt's  [iropagating  in  reciprocally  coupled,  lossless,  single-mode 
waveguides  takes  the  form 


Phase  speed  III  a  t  ch  i  u  g  occ  u  rs  at  a  frequency 


(1) 
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A/„ 


M-n 

K-n 


(2) 


Fjfficicnt  (i.e.,  phase  speed  matched)  coupling  is  narrowband. 

The  eigenvalue  problem  for  phase  speed  matched  guides  yields  the  char¬ 
acteristic  equation: 


(  1  -  -  /J‘'  -  iP  +l  ^0  ,  (d) 

where  the  propagation  constants  are  normalized  to  their  uncoupled  values. 
The  roots  of  tlie  above  equation  consist  of  two  pairs  (forward  and  backward) 
of  complex  conjugate  roots  representing  propagation  in  the  two  waveguides, 
and  two  real  roots  corresponding  to  two  evanescent  modes. 

The  two  pairs  of  propagating  roots  consist  of  ;3o  and  ;)£  (where  sub¬ 
scripts  0  and  E  denote  'odd'  and  ‘even’),  and  subject  to  initial  conditions. 

,  the  guide  amplitudes  will  evolve  spatially  as. 


x(0.^-)  = 


x(r)  = 


cos  cos  -i: 
—  sin  sin 


(d) 


where  and  .i  =  ''‘'■■ty-i-  .  Complete  jrower  transfer  occurs  after 

a  coupling  length.  such  that  £  = 

riie  nondimensional  coupling  length  is  given  by 


If  the  guides  are  lossy,  the  coupled-mode  propagation  constants  become 
complex,  l  or  the  case  of  phase  speed  matched,  low-loss  guides  coupled  by 
a  lossless  metlium. 

lo.t:  = '<*  +  ■  (d) 

where  o  =  (i.e..  the  mean  loss-factor  of  the  two  guides)  and  the 

propagation  constants  are  well  approximated  by  their  undamped  values. 
That  the  coupled  ii\odal  loss  factor  is  the  mean  is  a  result  of  the  normal 
modes  being  symmetric  with  respect  to  power  flow.  For  low-loss  guides,  the 
amplitudes  will  evolve  spatially  as 


c(.r) 


cos  2:  COS  Jz 
—  sin  sin  .dr 


7) 
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I'igiirr-  2:  ('ou[)locl-iiiodf'  propasatioii  constants  plotted  in  the  complex 
plane,  .\rrows  indicate  increased  con[)ling  coefficient,  k.  in  Erjn.  3.  If 
the  waveguides  are  uncoupled  and  lossless,  the  pro|)agating  roots  coalesce 
to  the  same  radius  as  the  nonpropagating  (evanescent)  ones. 


subject  to  the  same  initial  c()nditions  as  those  in  Kqn.  1.  The  system  prop¬ 
agation  constants  that  result  are  plotted  in  Fig.  2  . 

By  performing  numerical  experiments,  it  wa.s  found  that  for  values  of 
the  coupling  coefficient:  s  <  0.3.  the  nondimensional  couplitig  length  is  well 
approximated  by: 


/, 

A 


(S) 


.\  ( oi  responding  ecpiation  for  coupling  to  longitudinal  acoustic-waves 
was  derivt'd  in  Baer  and  Kino[r)]  (their  Fcjii.  f). 


3  Flexural  Acoustic  Waves 

The  system  considered  consists  of  identical  (but  oppositely  polarized)  piezo- 
(dectric  layers  adhered  on  either  side  of  a  passive  (host)  layer.  Since  flexure 
imposes  strain  on  both  piezoelectric  layers,  their  charge  outputs  are  summed. 
Sutjscripts  p  and  h  denote  the  piezoelectric  and  host  layers,  respectively. 
The  .-(ate  variables  chosen  are; 

r/  charge  on  the  electrode  segments. 

ir  out-of-plane  beam  displacement. 
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riu'  two  governing  equilibrium  equations  are 


\  '  ^  L(l  . 


(9) 


and 

M'^  =  p.\w.  (10) 

where  primes  denote  spatial  difTerentiation  in  the  ’I"  direction  (as  per  coor¬ 
dinates  in  Fig.  J),  ^3  and  .V/2  are  voltage  and  moment.  is  the  tran.smission 
line  inductance  per  unit  length,  pis  the  volume- weighted  mean  density  of  the 
beam,  and  .4  is  the  cross-sectional  area  cjf  the  beam.  .-Vssuming  Bernonlli- 
Fuler  behaviour  of  a  perfectly  laminated  beam,  the  ap])ropriate  constitutive 
equation  is 


+  ‘-4  )^^'u 

(El)-' 


(II) 


where  superscripts  E.  D.  and  T  denote  values  taken  at  constant  held  (short 
circuit),  electrical  displacrunent  (open  circuit),  and  stress  (frtu').  and  t  ^3,  is 
the  piezoelectric  capacitance,  a  is  the  width  of  the  beam,  d  o  is  pi('zoeh'f  t  ric 
charge  coefricient.  .sn  is  the  piezoelectric  compliance  and 


(El) 


and 


b  = 


+  I'-pC  '  ~  '1, 
•■{+  +  ^  +  jh  ' 


{  12) 


(Id) 


where  t*  is  the  thickness  ratio  of  the  host  and  piezo<’lectric  layf-rs.  and 
t  is  the  total  thickness  of  the  beam..  The  latter  euantity.  b.  which  ladates 
the  beam  curvature  to  mean  |)ie/,oeleclric  strain-actuation,  is  derived  by 
(.'rawdey  and  .•\nderson[7].  Inversion  of  F.<|n.  11  and  substitution  into  t  lu' 
equilibrium  equations  (Fqns.  9,10)  yields  a  coupled  wave-  etpialion  of  tin' 
form  of  Kqn.  I.  The  coefficient,  k.  of  the  associated  characteristic  ('(|uation 
( Eqn.  .d)  is 

—  ^31  —  •  (19) 


where  ^'31  is  the  electromechanical-coupling-coeflicient  of  the  piezoelectric 
material  (for  G  119.5  PZr,  A’31  =  0.35),  and  iji,  is  the  composite  pii'zoelect ric 
efficiency-factor  for  bending,  such  that 
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Coupling  Length  vs.  Piezo  Thickness 
G1  t  9h  adhered  to  Aluminium 


-  Design  Curve 

-  —  -  Asymptote  (2.02) 

Experimentol  Operotinq  Point 


!  15  20  25  30  35  40  45  50 

Reloi'vc  Piezoelectric  Thickness  (X) 


I'igiire  3:  .N'oiuliiiiensional  coiipliiig-leiigtti  as  a  function  of  tlio  relative  thick¬ 
ness  of  the  piezoelectric.  and  host  material  layers.  The  slope  is  calculated 
from  K(iii.  It).  The  asymptote  corres])ond  to  i/h  =  1 


where  r  =  [(77)'-  1]“'  and  ^  is  the  open-circuit  modulus  ratio  of  the  host 
to  the  piezoelectric  layer.  Substitution  into  hgii.  S  yieUls  the  coupler  design 
('(]  nation: 

^  — i= -  .  (16) 


.\s  depicted  in  Fig.  3,  the  relative  thickness  of  the  piezoelectric  layer 
determines  the  coupling  length.  The  above  analysis  is  not  applicable  to  the 
case  of  a  'thick'  piezoelectric  layer.  a.s  the  modelling  assumptions  start  to 
break  down. 
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Figure  4:  A  cross-sort ioiial  sclieiiiatic  of  tlio  coiiplor  arraiigenienl. 


4  Experimental  Design 

Tlio  exporinieiital  design  consisted  of  a  single-sided  lamination  of  pieitoelec- 
tric  segments  to  an  aluminum  beam.  .-\Uhough  it  is  a  one-sided  lamination, 
the  symmetric  lamination  equations  developed  in  the  previous  section  should 
provide  a  good  appro.ximation.  as  the  flexural  phase  speed  is  much  slower 
than  the  longitudinal  one,  and  ^  >  10.  A  phase-speed  matched  set  of  in¬ 
ductors  bridged  the  piezoelectric  segments  as  illustrated  in  Fig.  4.  Small 
diameter  (~100  /<m)  copper  wire  was  used  to  connect  the  inductors  to  the 
piezoelectric  segments.  The  inductors  connected  to  the  piezoelectric  capac¬ 
itance  formed  an  L-C  ladder  network.  The  electrical  input  consisted  of  a 
sinusoidal  function-generator  driving  an  audio  amplifier.  'Die  electrical  out¬ 
put  consisted  of  an  imped  a  nee- mat  died  termination  resistor.  Based  on  the 
predicted  coupling  length,  the  length  of  the  coupling  region  was  chosen  to 
correspond  to  two  coupling-lengths.  This  choice  serves  to  demonstrate  both 
coupling  into  and  out  of  the  beam.  By  choosing  this  length,  there  should 
(in  principle)  be  no  acoustic  power  propagated  to  the  end  of  the  beam; 
the  termination  impedance  of  the  beam  should  be  irrelevant.  Expecting 
some  acoustic  power  to  be  uncoupled,  a  crude  attempt  was  made  to  apply 
a  matched  termination  to  the  beam  using  wet  mud.  The  design  coupler 
parameter  values  are  listed  in  Table  1. 

7'he  loss-factor  of  the  electrical  waveguide  is  given  by, 

«linr  - 

which  is  the  well-known  expression[S]  for  low-loss  transmission  lines.  The 
loss-factor  for  the  beam  is  difficult  to  model  owing  to  the  presence  of  a 
adhesive  layer  between  the  host  and  piezoelectric  layers.  It  was  roughly 
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Parameter 

Value 

beam  length 

670  mm 

beam  width 

12.7  mm 

piezo  segment  length 

6.3.5  mm 

interaction  length 

370  mm 

.\1  thickness 

2  mm 

PZT  thickness 

191  fim 

Line  Capacitance 

970  nF/m 

f.ine  lnductanc(‘ 

7.9  H/m 

Line  Resistance 

1 1  kff/m 

'ruble  1:  Design  parameter  values  used  in  tli(>  expr'riiiH'ntal  acousto¬ 
elect  romagiK'fic  waveguide  coui)l('r. 


Parameter 

Value 

frequency 

7.8  kHz 

wavelength 

•16  mm 

phase-speed 

360  m/s 

fable  2:  Operating  parameters  for  the  experimental  coupler  at  maximurti 
coupling. 


estimated  to  be  \-2%  per  half- wavelength.  Using  the  dc'sign  parameters: 
oiinp  %  l.S  .\p/m.  and  ~  0.8  N'p/m. 

5  Experimental  Results 

By  measuring  RMS  voltages  at  each  .segment,  the  voltage  profile  in  the  trans¬ 
mission  line  could  b('  com|)ared  to  theory.  The  frequency  of  the  input  was 
adjusted  until  maxitiium  coupling  was  observed:  tlie  corresponding  profile  is 
plotted  in  Fig.  5.  'I'he  operating  parameters  are  listed  in  Table  2. 

End  effects  were  evident  in  the  form  of  reflections  from  both  ends  of 
the  beam.  These  reflected  waves  couple  to  tlie  transmission  line  and  create 
standing  waves.  'I'heir  effects  need  to  be  removed  to  realize  piirely  codirec- 
tional  coupling. 
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Quantity 

Theory 

Experi  ment 

IcIX 

4.1 

3.9 

a  [Np/m] 

1.3 

2.4 

Table  3:  (.‘omparisoii  of  theoretical  and  experimental  values  of  the  design 
coupler. 


A  least-squares  curve  fit  using  |  cos(,d2)e“"^|  on  the  voltage  profile  was 
performed  to  yield  estimates  for  1^  and  a.  The  comparison  between  theory 
and  experiment  is  shown  in  Table  3.  Correlation  between  theory  and  exper¬ 
iment  for  the  coupling  length  is  remarkably  good,  considering  that  a  ‘zeroth 
order'  model  was  used,  and  the  experimental  design  was  a  first  attempt. 
Fhe  predicted  loss  factor  was  considerably  lower  than  the  observed  one.  this 
may  be  attributable  to  parameter  uncertainty  or  modelling  errors. 

6  Conclusions 

The  voltage  profile  illustrates  substantial  coupling  between  guides.  The  pre¬ 
dicted  and  observed  coupling-lengths  were  in  agreement.  The  discrepancy 
in  the  decay  constant  may  be  attributed  to  uncertainty  in  the  values  of  the 
loss-factors  for  the  transmission  line  and  the  elastic  beam,  and  coupling  of 
power  into  other  wave-modes.  Standing- wave  effects  degraded  coupler  per¬ 
formance;  they  result  from  incomplete  coupling  generating  reflections  from 
the  impedance  mismatched  beam-terminations.  Ideally,  they  should  not 
arise  at  all  if  the  coupling-length  and  operating  frequency  are  chosen  cor¬ 
rectly.  A  disappointing  result  was  that  they  could  not  be  eliminated  in  spite 
of  tuning  both  of  the  above.  Design  improvements  to  achieve  ‘complete’ 
coupling  are,  no  doubt,  possible. 

Among  the  most  promising  applications  of  the  acousto-electromagnetic 
waveguide  coupler  is  to  build  ‘lapjoints’  between  electrical  and  mechanical 
waveguides,  as  illustrated  in  Fig.  6.  Two  lapjoints,  closing  a  recirculating- 
loop  around  a  linear  stator-track  would  make  an  efficient  linear  servo.  Such 
a  design  would  make  linear  travelling  wave  motors  functionally  equivalent 
to  rotary  ones,  except  that  the  stator  would  be  a  hybrid  electromechani¬ 
cal  device.  The  other  interesting  application  is  the  efficient  absorbtion  of 
narrowband  structurally-borne  noise  (e.g.,  gear  meshing  noise)  that  affects 


I 

Mechanical  Coupler  Electrical  Waveguide 

Waveguide 


Figure  6:  A  'lapjoint’  between  an  elastic  beam  and  an  electrical  transmission 
line.  Coupling  can  occur  in  either  direction. 
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the  performance  of  undersea  vehicles.  Finally,  there  is  also  the  possibility  of 
structural-acoustic  impedance  tailoring  of  flexible  structures. 
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Embedded  optical  fiber  sensors  for  damage  detection  and  cure  monitoring 
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ABSTRACT:  This  paper  will  report  on  the  u.se  of  interferometric  fiber  optic  sensors  for 
damage  detection  and  cure  monitoring.  These  sensors  have  been  used  to  detect  acoustic 
emission  (AE)  associated  with  the  growth  of  delaminations  in  composites.  Preliminary 
efforts  directed  towards  the  generation  and  detection  of  ultrasonic  waves  using  optical  fibers 
for  cure  monitoring  are  also  discussed. 


1.  INTRODUCTION 

As  the  use  of  advanced  fiber  reinforced  composite  materials  in  aerospace  engineering  has 
increased,  it  has  become  highly  desirable  to  establish  new  nondestructive  evaluation  (NDE) 
techniques  for  in-service  (in-situ)  monitoring  of  structures  fabricated  from  these  materials. 
In  particular,  in-situ  strain  and  acoustic  emission  measurements  would  be  very  useful  for 
assessing  the  structural  integrity  of  composite  structures.  Furthermore,  the  monitoring  and 
control  of  the  curing  process  is  essential  for  the  reliable  production  of  robust  composite 
structural  elements  with  given  thermal  and  mechanical  properties. 

The  sensor  employed  in  the  experiments  reported  in  this  paper  consists  of  a  fiber  optic 
Michel.son  interferometer  with  active  homodyne  demodulation  and  is  described  elsewhere 
(Liu  et  al.  1990),  The  active  homodyne  demodulation  system  serves  to  eliminate  the 
response  to  slowly  varying  measurands  and  perturbations  (e.g.  DC  strain,  temperature,  air 
currents,  etc.)  and  maintains  the  interferometer  at  its  quadrature  point  (Jackson  et  al.  1980). 

2  DYNAMIC  DAMAGE  MONITORING  EXPERIMENTS 

Acoustic  emission  is  generally  defined  as  the  relea.se  of  internally  stored  energy  in  a  material 
under  load  and  appears  as  transient  stress  waves.  More  specifically,  in  comjxisites  these 
stress  waves  are  caused  by  several  microfailure  mechanisms;  matrix  cracking,  fiber  breakage, 
and  fiber/matrix  debonding.  They  appear  as  broadband  acoustic  waves,  mainly  in  the 
l(K)kHz-lMHz  region  iZimcik  et  al.  1988).  Acoustic  emission  detection  has  been  widely 
used  for  testing  composites  in  vanous  modes  of  loading  because  of  its  relatively  simple 
detection  setup  and  in-situ  and  real-time  mode  of  operation  (Fowler  1989).  Statistical 
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analysis  of  the  acoustic  events  detected  with  piezoelectric  sensors  has  been  shown  to  yield 
information  about  the  type,  geometry,  and  possibly  the  location  of  defects  (Ferguson  1990). 

The  NDE  method  that  is  used  herein  simultaneously  employs  three  different  techniques:  a) 
acoustic  emission  detection  using  an  embedded  fiber  optic  Michelson  interferometric  sensor, 
b)  optical  fiber  fracture  and  c)  image  enhanced  backlighting.  Using  FFT  analysis,  the 
spectral  characteristics  of  AE  signals  obtained  from  the  following  laminates  have  been 
examined:  a)  square  (10  cm  x  10  cm)  8-ply  Kevlar/epoxy  cross-ply  coupons  with  a  stacking 
sequence  of  1 0/0/90/90/ ( 90  }/90/90/0/0|  under  quasi-static,  transverse  loading  (Ferguson 
1990)  and  b)  4  ply  laminates  (10  cm  x  19  cm)  with  a  stacking  sequence  of  l-i-45/l-45}/-45/- 
4,V-t-45|  under  compressive  loading  (Park  1991).  In  case  b)  a  circular  piece  of  heat-resistant 
nonbonding  tape  (  0.026  mm  thick  and  18  mm  diameter)  and  4  treated  fibers  were  embedded 
in  the  -45°  direction  between  the  first  and  second  plies.  TTtis  was  done  to  yield  the  optimum 
configuration  for  fiber  fracture.  Numerous  tests  have  shown  that  all  fibers  running  through 
the  delaminated  area  were  fractured  and  thus  this  method  represents  a  reliable  triggering 
method  for  the  g.^-wth  of  delaminations.  The  experimental  arrangement  is  illustrated  in 
Figure  1.  The  fracturing  of  the  treated  fibers,  which  was  caused  by  crack  propagation  and/or 
delamination,  triggered  the  Michelson  interferometer.  Figure  2  shows  an  oscilloscope  trace 
of  an  AE  signal  and  the  trigger  signal  (horizontal  line)  during  the  growth  of  a  delamination. 


Figure  1.  Schematic  of  fiber  optic  AE  Figure  2.  O.scilloscope  trace  of  AE  signal  during 
detection  system.  delamination  growth. 


3.  ALUMINUM  PLATE  EXPERIMENTS 

Laser  generated  ultrasound  has  been  the  subject  of  many  papers  (Hutchins  1986).  For  solids, 
a  narrow,  high  power  la.ser  pulse  is  absorbed  at  the  surface  of  the  material  providing 
transient  localized  heating.  The  resulting  thermoelastic  expansion  leads  to  i’’  e  generation  of 
ultrasonic  waves.  Bulk  longitudinal  waves,  bulk  shear  waves,  Rayleigh  waves,  and  Lamb 
waves  have  been  generated  by  pulsed  lasers  (Scruby  and  Drain  1990). 


Aussel  and  Monchalin  (1989)  have  used  laser  generated  ultrasound  and  laser  interferometry 
to  determine  ultrasonic  velocity  in  a  number  of  materials.  Their  technique  involved  the 
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cross-correlation  of  successive  echoes  In  order  to  determine  whether  the  fiber  optic 
Michelson  interferometer  could  be  used  to  measure  the  velocity  of  ultrasound  generated  by 
either  a  laser  of  by  a  piezoelectric  transducer,  a  proof  of  concept  experiment  involving  an 
aluminum  test  plate  was  conducted.  Light  pulses  from  a  Q-switched  Nd;YAG  laser  are 
directed  onto  the  top  surface  of  the  plate.  Ultrasonic  pulses  so  generated  then  propagate 
back  and  forth  across  the  thickness  of  the  plate  and  are  detected  by  an  optical  fiber  sensor 
adhered  to  the  underside  of  the  plate.  A  similar  experiment  was  conducted  using  a 
piezoelectric  transducer  as  the  source  of  ultrasound.  In  both  cases  the  plate  thickness  and 
the  time  difference  between  the  peaks  of  the  first  and  second  arrivals  was  measured.  The 
laser  generated  ultrasound  experiment  yielded  a  value  of  (6360±50)m/s  while  the  experiment 
involving  the  piezoelectric  transducer  yielded  a  value  of  (6360±40)m/s.  The.se  values  are 
comparable  to  those  of  Krautkramer  and  Krautkramer  (1990)  who  state  a  value  of  6320m/s. 

4,  CURE  MONITORING  EXPERIMENTS 

The  knowledge  of  the  degree  of  cure  of  epoxy  resins  is  extremely  imponant  in  the 
fabrication  of  strong  and  reliable  composite  materials,  especially  for  thick  structures.  Hence, 
a  method  for  the  determination  of  the  degree  of  cure  is  desirable.  The  autoclave  curing 
process  pre.sents  a  number  of  difficulties  and  .so  present  engineering  practice  commonly 
employs  overcure  to  ensure  a  uniformly  cured  sample.  This  is  both  time  consuming  and 
expensive. 

Winfree  (1983)  has  characterized  the  curing  of  epoxy  resins  by  measurement  of  the 
attenuation  and  velocity  of  ultrasonic  longitudinal  and  shear  waves.  As  crosslinking  bonds 
between  polymer  chains  form,  the  epoxy  resin  changes  its  state  from  a  viscoelastic  liquid 
to  a  viscoelastic  solid.  The  viscoelastic  moduli  (bulk  and  shear  moduli)  of  the  material 
change  accordingly,  which  in  turn  produces  a  change  in  the  acoustic  properties  of  the 
material,  yielding  a  good  indicator  of  the  state  of  cure.  The  opto-ultrasonic  approach  to  cure 
monitoring  introduced  in  this  paper  is  a  hybrid  employing  fiber  optic  sensors  for  the 
detection  ot  ultrasound  generated  by  either  a  laser  or  a  piezoelectric  transducer. 
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(b)  Ultrasound  generated  by  PZT. 


Figure  3.  Relative  ultrasonic  propagation  delay  vs.  curing  time. 
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In  light  of  this,  two  preliminary  experiment.s  were  conducted  in  an  attempt  to  see  if  an 
embedded  fiber  optic  ultrasound  detection  system  could  be  used  to  infer  changes  in 
ultrasonic  velocity  as  an  epoxy  cures.  One  experiment  involved  the  use  of  a  Q-switched 
Nd:  YAG  laser  as  the  source  of  ultrasound  while  the  other  experiment  utilized  a  piezoelectric 
transducer  (VP- 109.^).  For  simplicity  a  room  temperature  cured  epoxy  (Hysol  EPK  907)  was 
used.  The  experiments  essentially  consisted  of  measuring  the  "relative  time  delay"  in  the 
tirrival  of  ultrasonic  signals  as  a  function  of  cure  time.  The  arrival  time  of  the  first  peak 
measured  with  respect  to  the  trigger  point  is  referred  to  as  the  "relative  time  delay."  Since 
ultrasonic  velocity  increases  as  an  epoxy  cures  it  is  expected  that  the  "relative  time  delay" 
should  decrease  with  time.  This  trend  is  evident  in  Figure  3. 

5.  CONCLUSIONS 

Fiber  optic  ultrasonic  sensors  have  been  used  for  the  detection  of  AE  during  the  growth  of 
delatninations  in  composite  plates.  The  velocity  of  ultrasound  in  an  aluminum  plate  was 
measured  using  fiber  optic  sensors.  Finally,  a  preliminary  epoxy  cure  monitoring  experiment 
using  embedded  fiber  optic  sensors  yielded  results  that  followed  an  expected  trend. 
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ABSTRACT:  Optical  fiber  sensors  coated  with  linear  work  hardening 

elastic-plastic  materials  are  analytically  explored  to  determine  the 
effects  which  the  coating  material  properties  and  thickness  have  on  the 
sensor  performance.  The  optical  fiber  system  is  subjected  to  both  an 
axial  load  and  an  arbitrary  thermal  gradient.  This  non-linear  analysis 
reveals  a  mechanism  for  designing  coatings  which  provide  a  "memory"  to 
the  fiber  optical  sensor  by  forcing  the  sensor  system  to  undergo 
permanent  deformations  in  response  to  predefined  excursions  in  the  strain 
field. 


1.  INTRODUCTION 

A  passive  memory  of  sorts  can  be  added  to  optical  fiber  sensors  by  coating 
them  with  elastic  plastic-metals.  This  memory  is  provided  as  a  result  of 
permanent  deformations  in  the  coating,  and  therefore  in  the  fiber  sensor,  as  a 
result  of  load  history  which  exceeds  the  yield  surface  of  the  given  coating 

material.  A  sensor  with  an  elastic-plastic  metal  coating  has  obvious 

potential  as  a  damage  sensor  working  on  the  same  principal  as  the  fiber 
breakage  sensor,  except  that  in  this  case  the  fiber  sensor  is  available  for 
post  damage  measurements.  This  damage  sensor  concept  can  be  used  with  most 
every  intrinsic  optical  fiber  sensor  type,  and  finds  great  advantage  in  its 

simplicity  of  operation. 

2.  MODELING 

The  analytical  description  of  the  stress  and  strain  fields  developed  in  a 
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metal  coated  optical  fiber  subject  to  axial  loading  and  arbitrary  radial 
thermal  gradients  is  used  to  investigate  the  amount  of  permanent  strain  which 
is  coupled  from  the  ductile  coating  to  the  optical  fiber.  The  optical  fiber 
is  modeled  as  linear  elastic,  while  the  metal  coating  is  modeled  as  linear 
work  hardening  obeying  a  von  Mises  yield  criterion.  The  optical  fiber  is 
assumed  to  be  operating  as  an  interferometric  strain  sensor,  so  that  the 
elastic-plastic  analysis  can  be  coupled  with  a  three-dimensional  phase-strain 
theory  to  predict  the  sensor  output.  Detectable  damage  is  arbitrarily  defined 
to  occur  when  the  optical  phase  shift  of  the  light  propagating  in  the  sensor 
corresponds  to  that  of  an  uncoated  optical  fiber  experiencing  a  500p  axial 
strain.  This  axial  strain  level  represents  one  quarter  of  the  .027.  offset 
condition  typically  used  to  define  the  yield  point  on  a  uniaxial  stress-strain 
curve. 


3.  RESULTS 

Figures  1  and  2  respectivelyshow  the  response  of  an  aluminum  coated  optical 

fiber  sensor  to  a  damped  sinusoid-like  axial  force  and  uniform  thermal 
gradient  history.  The  dashed  lines  in  these  graphs  shew  the  purely  elastic 

response  and  the  solid  lines  show  the  elastic-plastic  response.  Notice  the 
residu  1  phase  shift  between  the  two  responses  in  both  curves.  The  other 
important  feature  exhibited  by  these  two  graphs  is  that  the  residual  phase 

shift  is  greater  for  the  axial  loading  than  for  thermal  loading.  This 
behavior  is  a  result  of  the  thermal  stresses  being  highiy  localized  at  the 
fiber/coating  interface,  while  the  stresses  caused  by  the  axial  loading  effect 

the  entire  coating  in  nominally  the  same  manner. 

1  he  sensitivity  of  the  sensor  response  to  the  coating  Young’s  modulus, 
Poissons’s  ratio,  yield  strength,  thermal  coefficient  of  expansion,  and 
thickness  are  explored  for  a  fixed  temperature  and  a  varying  axial  load,  and 
then  a  fixed  axial  load  and  a  varying  temperature.  As  one  might  expect,  the 
yield  strength  and  coating  thickness  dominate  all  other  parameters  in  the 
sensor  performance  under  both  thermal  and  mechanical  loading.  As  the  yield 
strength  increases,  larger  stresses  are  required  to  produce  permanent 
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deformations.  As  the  coating  thickness  goes  to  zero,  the  elastic  recovery 
stresses  in  the  fiber  dominate  the  elastic-plastic  stresses  in  the  coating  so 
that  permanent  deformation  in  the  fiber  never  occurs.  Under  only  mechanical 
loading,  the  axial  force  must  approach  infinity  as  the  coating  thickness  does 
the  same  in  order  to  produce  permanent  deformation  in  the  fiber.  The  coating 
Young’s  modulus  has  an  order  of  magnitude  lower  influence  when  compared  to  the 
yield  strength,  and  Poison’s  ratio  plays  almost  no  part  in  determining  the 

amount  of  permanent  deformation  occurring  the  fiber.  The  mismatch  between  the 
thermal  coefficients  of  expansion  plays  a  critical  role  in  determining  the 

performance  of  the  metal  coated  fiber  sensor  experiencing  thermal  loading. 

Interestingly,  the  temperature  levels  required  to  cause  damage  level  permanent 
deformations  must  exceed  roughly  500°F  for  any  combination  of  the  other 
coating  parameters.  For  many  coating  parameter  combinations  the  threshold 
temperature  is  much  higher.  The  implication  here  is  that  the  thermal  and 

mechanical  behavior  of  this  type  of  damage  sensors  is  automatically  decoupled. 
One  should  note  that  all  material  properties  are  consider  independent  of 
temperature  in  this  analysis. 


4,  CONCLUSIONS 

This  paper  presents  the  mathematical  analysis  of  an  optical  fiber  sensor  that 
is  coated  with  an  elastic-plastic  metal.  Parameter  studies  have  been 
performed  to  find  the  important  geometric  and  material  characteristics  which 
control  the  level  of  residual  strain  (and  phase)  developed  in  the 
fiber/coating  system.  The  sensor  system  discussed  in  this  paper  is  a  passive 
alternative  to  the  fiber  breakage  sensors  used  for  damage  detection,  can  be 
used  with  any  intrinsic  (and  some  extrinsic)  optical  fiber  sensor 
configurations,  and  can  survive  damage  events  so  that  post  damage 
measurementsare  possible. 
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Health  monitoring  system  for  aircraft 


J  Geriirdi  and  G  Hickman 

Innovative  Dynamics,  Langmuir  Labs.  Ithaca,  New  York  14850 

ABSTRACT;  Work  is  currently  in  progress  to  develop  an  advanced  structural  integrity 
monitoring  system  to  increase  safety  of  aging  aircraft.  This  system  is  based  on  the 
concept  of  smart  structures  which  integrates  sensory  systems  into  the  structure, 
analogous  to  a  central  nervous  system.  Structural  abnormalities  are  determined  by 
continuously  monitoring  the  vibration  signature  using  a  network  of  active  sensor 
modules.  Pattern  recognition  techniques  are  used  to  analyze  the  vibration  signatures  and 
identify  structural  damage  in  real-time.  Conventional  minimum  di.stance  algorithms  a.s 
well  as  neural  networks  have  provided  high  recognition  rates  in  classitication  of 
corrosion  damage  and  wing  leading  edge  ice  accretion. 


1.  INTRODUCTION 

A  Structural  Integrity  Monitoring  System  based  on  analysis  of  vibration  signatures  is  being 
developed  at  Innovative  Dynamics  to  detect  structural  abnormalities  on  aircraft.  Current 
nondestructive  evaluation  techniques  such  as  hand-held  eddy-current  or  x-ray  scans  are  so 
costly  and  time  consuming  that  retiring  some  of  the  oldest  jets  may  be  more  effective  than 
maintaining  them.  An  on-line  inspection  system  such  as  SIMS  holds  the  promi.se  of  solving 
these  maintenance  and  diagnostics  problems.  The  system  described  here  consists  of  small 
surface-mount  .sen.sor  module  designs  with  integrated  electronics  that  can  be  retrofit  to 
existing  aircraft.  The  objective  is  to  integrate  these  modules  into  vulnerable  or  inaccessible 
areas  of  the  airframe  to  reduce  or  eliminate  the  need  for  whole  aircraft  NDE  scans  or  tear 
downs. 

The  principle  underlying  the  operation  of  SIMS  is  the  use  of  structural  vibration  signatures 
to  determine  mechanical  properties.  Damage  to  a  structure  often  manifests  itself  as  a 
change  in  the  dynamic  respon.se  of  the  structure,  corre.sponding  to  changes  in  the  physical 
properties.  SIMS  applies  this  concept  for  obtaining  failure  mode  characterization  of 
structural  components.  The  system  works  by  mechanically  exciting  the  structure  with 
broadband  energy  and  monitoring  changes  in  the  structural  response.  Shape,  amplitude  and 
distortion  of  the  vibration  signals  provide  useful  information  concerning  the  location  and 
severity  of  the  damage. 

Neural  networks  are  attractive  for  vibratitm  signature  analysis.  These  techniques  have  been 
shown  to  be  useful  in  solving  complicated  signal  proce.ssing  problems  such  as  in  NDE 
acoustic  emission  detection  (Barga  1991).  Neural  networks  require  far  less  restrictive 
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Fig.  1.  Structural  integrity  health  monitoring  system  concept 

a.ssumptions  about  the  structure  of  the  input  signal  compared  to  other  pattern  classification 
techniques.  In  addition,  the  inherent  parallelism  of  these  networks  allows  very  rapid  parallel 
search  and  best-match  computations  required  for  monitoring  complex  aircraft  structures. 

Prototype  system  hardware  and  software  have  been  developed  and  tested  to  determine  the 
feasibility  of  a  neural  network  based  health  monitoring  system.  Networks  were  trained  to 
classify  signatures  from  repre.sentative  aircraft  structures  with  simulated  rivet  line  corrosion 
and  with  ice  accretion.  The  neural  network  performance  data  are  compared  to  that  of  the 
traditional  nearest  neighbor  classifier  used  in  earlier  studies  (Hickman  1991).  This  classifier 
serves  as  a  good  performance  benchmark  since  it  can  be  used  to  obtain  upper  and  lower 
bounds  on  the  Bayes  probability  of  correct  classification  as  the  number  of  sample  signals 
increases  (Cover  1967). 

2.  SYSTEM  ARCHITECTURE 

Key  components  of  SIMS  are  smart  scn.srrr  modules  daisy  chained  to  a  host  central 
processor  via  a  serial  data  communications  link  as  depicted  in  Figure  1.  The  host  processor 
interrogates  individual  structural  components  which  contain  the  attached  or  embedded  sensor 
modules  that  then  relay  digiti^ed  vibration  signatures  back  to  the  host  computer.  The 
modules  contain  several  piezoelectric  vibration  sensors,  a  pair  of  12  bit  microcontroller 
chips,  an  eddy-current  actuator,  and  associated  power  and  signal  conditioning  electronics. 
A  network  of  the.se  modules  serves  as  a  nervous  system  in  detecting  and  recording  the 
health  of  the  structure.  The  eddy-current  provides  the  impulse  excitation  source  to  the 
structure.  When  a  pulse  of  current  is  sent  through  the  eddy  coil,  currents  are  induced  in  the 
metal  skin  of  the  structure,  creating  a  repelling  force  or  impulse.  A  dual  coil  version  can 
be  used  for  composite  structures.  Excitation  energy  is  on  the  order  of  1  to  10  Joules, 
depending  on  the  size  of  the  structure.  The  piezoelectric  sensors  detect  the  dynamic 
structural  response.  Once  the  signals  are  processed  by  the  host  computer,  diagnostic 
information  is  stored  and  the  address  code  of  the  next  module  is  selected  on  the  bus.  After 
all  the  modules  have  been  interrogated,  the  data  is  displayed  and/or  removed  from  the 
aircraft  proces.sor  with  a  removable  storage  disk  for  further  analysis  and  routine  maintenance 
logging  procedures. 
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3.  NEURAL  NETWORK  ALGORITHM 


The  neural  network  used  was  a  multilayered  perceptron 
trained  using  backpropagation  learning  (Rumelhart  1986). 
The  network  is  composed  of  three  layers  of  processing 
elements  that  perform  a  nonlinear  transformation  on  their 
summed  inputs  and  produce  continuous-valued  outputs 
between  -1  and  1.  A  schematic  diagram  of  the  network  is 
shown  in  Figure  2.  A  number  of  signal  representations 
could  be  used  as  input  to  the  neural  network.  The  simplest 
would  be  to  use  the  digitized  waveform  directly.  For  this 
study,  however,  a  feature  extraction  procedure  was  used 
before  processing  with  the  neural  network  for  easy  compar- 
i.son  with  previous  results  obtained  using  the  nearest 
neighbor  classifier.  This  procedure  consists  of  generating 
an  appropriate  set  of  features  for  discrimination  between 
classes.  Both  time  and  frequency  domain  parameters 
including  damping  ratio,  peak  amplitude,  and  spectral 
energy  in  different  frequency  band.s  have  been  found  useful 
for  vibration  signal  analysis  (Hickman  1991). 
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Fig.  2.  Neural  network 
architecture 


4.  CLASSIFICATION  EXPERIMENTS  AND  RESULTS 


Experiments  were  designed  to  determine  the  ability  of  a  neural  network  based  diagnostic 
system  to  identify  corrosion  damage  and  ice  accretion.  Training  the  network  consisted  of 
repeated  presentations  of  input-output  pairs  representing  the  damage  case  to  be  learned.  The 
trained  network  was  presented  with  a  set  of  test  returns  excluded  from  the  training  set  to 
determine  its  ability  to  generalize. 

Liiboratory  experiments  were  performed  on  a  24"  square  0.080"  thick  aluminum  plate. 
Aircraft  screws  were  used  to  clamp  the  edges  of  the  test  panel  to  a  jig  which  pnwided  rir  d 
support  to  the  test  panel.  A  .sen.sor  mod¬ 
ule  was  attached  to  the  bottom  center  of 
the  test  panel.  The  system  was  trained 
to  recognize  simulated  corrosion  by 
loosening  a  series  of  4  and  8  consecutive 
screws  at  different  locations  around  the 
plate.  To  illustrate  the  variation  in  vi¬ 
bration  signatures.  Figure  3  displays  the 
frequency  response  of  the  plate  without 
any  damage  and  with  8  loosened  screws. 

The  neural  network  result.s  were  out¬ 
standing,  1(K)%  of  the  responses  were 
correct  in  indicating  the  severity  of  the 
damage.  The  nearest  neighbor  classifier 
did  not  fair  as  well,  84%  of  the  respons¬ 
es  were  correct.  Of  note  is  the  sensitivi¬ 
ty  of  the  nearest  neighbor  to  proper  selection  of  the  input  features.  If  two  nonrelavent 
features  were  also  used,  the  nearest  neighbor  performance  dropped  to  62%  while  the 
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Fig.  3.  Typical  sensor  frequency  response 
showing  baseline  (undamaged)  and  an  8  rivet 
failure  case 
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network  pert'ormtince  w;is  uniiffected.  Work  is  currently  in  progress  to  reliably  identify  the 
location  of  the  damtige  as  well  as  severity. 

Sensor  modules  were  tilso  insttilled  on 
the  inside  surface  of  a  prototype  lead¬ 
ing  edge  wing  section  for  in-tlight 
te.sting  (Hickman  1990).  This  proto¬ 
type  wing  section  is  a  50"  long  wing 
cuff  or  glove  designed  to  slide  onto  the 
DHC-6  Twin  Otter  main  wing.  The 
system  was  initially  trained  in  the 
NASA  Lewis  icing  research  tunnel. 

Ice  was  allowed  to  build  up  continu¬ 
ously  on  the  wing  cuff  ;md  the  system 
Wits  trained  in  increments  of  0.05  inch 
of  ice  up  to  :i  mii.ximum  thickness  of 
0.5  inch.  Figure  4  disphiys  one  of  the 
features  that  w;is  used  in  the  pattern 
classification.  Tftis  figure  shows  the 
energy  present  in  the  frequency  band 
1150-1800  Hz  tis  the  ice  thickne.ss 
increases.  Corrosion  was  also  simulated  by  loosening  tiircraft  screws  its  was  done  in  the 
liiboratory  tests.  Once  trained,  the  system  was  tested  in-tlight.  Comparable  performance 
Wits  ob.served  using  the  network  and  nearest  neighbor  classifier.  945^  of  the  respon.ses  gave 
the  correct  ice  thickness.  Corrosion  wits  also  reliably  identified,  with  results  similar  to  those 
obtained  in  the  Oat  plate  laboratory  experiments.  TTie.se  flight  tests  demonstrated -the 
capability  of  the  system  to  duplicate  results  in  the  high  noise  environment  of  turboprop 
aircraft. 

5.  CONCLUSIONS 

Smart  structures  comprised  of  attached  sensor/actuator  modules  were  found  to  be  highly 
effective  in  gathering  structural  vibration  data  with  good  S/N  and  acceptable  size,  weight, 
and  power  requirements  for  aircraft  applications.  Initial  laboratory  and  flight  tests  showed 
the  system  to  perform  well  in  identifying  structural  abnormalities  using  pattern  recognition 
techniques.  Work  is  in  progress  to  develop  a  damage  assessment  methodology  based  on 
analytical  and  experimental  modal  analysis  to  reduce  the  training  procedure.  A  concurrent 
effort  is  devoted  to  devehrp  neural  network  topology  that  will  have  the  ability  to  recognize 
and  immediately  incorporate  new  input  data  that  fall  into  classes  for  which  the  network  has 
not  been  trained. 
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Materials  characterization  for  micromechanics  using  deep  etch  lithography 


J.  B.  Warren 

Brookhaven  National  Laboratory,  Upton,  NY  11973 

ABSTRACT;  Deep  etch  lithography  uses  x-ray  radiation  at  the  National  Synchrotron 
Light  Source  to  expose  polymethyl  methacrylate  (PMMA)  resist  in  layers  up  to  0.5  mm 
in  thickness.  The  processed  PMMA  is  used  as  a  mandrel  for  the  fabrication  of  metallic 
microstructures  by  electrodeposition  or  chemical  vapor  deposition.  The  yield  strength, 
ductility,  and  notch  toughness  of  the  microstructures  are  strongly  dependent  on  the 
deposition  method.  If  the  surface  finish  and  internal  grain  size  are  determined  by 
electron  microscopy,  finite  element  analysis  can  be  used  to  predict  their  behavior  and 
mode  of  failure. 


1.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Deep  etch  lithography  is  a  microfabrication  method  (Ehrfeld  et  al.,  1987)  that  makes  use 
of  synchrotron  x-ray  radiation  to  expose  thick  layers  of  an  x-ray  resist  such  as  PMMA.  The 
highly  collimated  beam,  with  a  divergence  of  11  milliradians,  minimizes  the  penumbra 
effect  caused  by  divergent  radiation  from  the  extended  UV  source  used  in  traditional  optical 
mask  alignment  tools.  For  x-ray  lithography,  resist  layers  need  not  be  in  contact  with  the 
mask  for  sub-micron  resolution  and  the  height  of  the  developed  resist  layer  is  limited  only 
absorption  effects.  After  exposure,  the  irradiated  regions  of  resist  are  dissolved  in  a 
developer.  Resist  protected  by  an  opaque  X-ray  mask  forms  a  rigid  microstructure  that  can 
be  up  to  several  hundred  microns  high  with  wall  widths  of  only  a  few  microns.  In  deep 
etch  lithography,  this  microstructure  is  used  as  a  sacrificial  mandrel  for  electroforming  or 
it  is  left  intact  as  part  of  a  multi-layer  structure.  Component  size,  dimensional  accuracy, 
and  surface  smoothness  are  all  determined  by  the  characteristics  of  the  exposure  source  and 
the  mask  used  to  transfer  the  pattern  to  the  resist. 

Since  the  X-ray  beam  used  for  exposure  is  several  millimeters  wide  at  the  mask  position, 
component  size  is  seriously  limited  only  by  absorption  in  the  direction  parallel  to  the  beam. 
Generally,  white  radiation  is  used  to  minimize  exposure  time.  The  maximui  resist 
thickness  that  can  be  exposed  is  governed  by  the  absorption  equation:  /  =  /„  e  The 

dosage  at  a  given  depth  in  the  resist  will  thus  vary  according  to  the  absorption  coefficient 
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for  a  given  wavelength  in  the  incident  beam.  For  PMMA  at  4  Kev,  (a  typical  value  for  the 
NSLS  x-ray  ring  at  Brookhaven  National  Laboratory)  the  absorption  equation  predicts  that 
the  intensity  will  decrease  by  a  factor  of  10  at  a  distance  of  330  um  below  the  resist  surface. 
At  this  distance,  the  beam  intensity  is  still  sufficient  to  break  the  bonds  in  the  PMMA 
polymer  so  the  exposed  areas  can  be  dissolved  in  solutions  such  as  methyl  isobutyl  ketone  - 


Fig.  1  Developed  PMMA  Microstructure 


isopropanol.  This  maximum  thickness 
limitation  still  permits  the  fabrication  of 
microstructures  two  orders  of  magnitude 
thicker  than  the  microactuators  developed 
with  silicon-based  fabrication 
technology. 

Minimum  wall  thicknesses  and  surface 
smoothness  are  determined  by  the 
characteristics  of  the  absorbing  regions  in 
the  X-ray  mask.  These  regions  consist 
of  electroplated  gold  lines  that  can  be 
less  than  1  um  in  width.  An  electron 
beam  pattern  generator  is  used  to  write 
the  initial  pattern  in  e-beam  sensitive 

resist  and  the  absorbing  lines  are  built  up  to  1  um  in  thickness  by  electrodeposition  on  an 
x-ray-transparent  silicon  membrane.  Resist  exposed  with  such  a  mask  is  shown  in  Fig.  1, 
where  the  PMMA  microstructure  is  10  um  high.  While  the  resist  walls  are  almost  perfectly 
vertical,  close  examination  shows  a  very  fine  grooved  structure  caused  by  roughness  on  the 
mask  absorber  lines  being  transferred  to 
the  resist.  The  pattern  is  maintained  from 
the  top  to  the  bottom  of  the  wall  by  the 
collimation  of  the  beam.  These  grooved 
structures  always  appear  with  current 
mask  technology  and  place  limits  on  the 
surface  quality  of  microcomponents 
formed  with  deep  etch  lithography. 

A  copper  grating  with  a  5  um  pitch 
formed  by  electrodeposition  is  shown  in 
Fig.  2.  In  this  case,  PMMA  is  spun  on  a 
silicon  wafer  with  a  conductive  metal 
underlayer.  After  development  of  the 
PMMA,  the  wafer  is  made  cathodic  in  a 

electrodeposition  cell  so  the  copper  deposit  grows  upward  from  the  conductive  wafer  surface 
between  the  non-conductive  resist  walls.  The  deposition  is  stopped  before  the  copper  is 
higher  than  the  resist  walls  and  the  PMMA  then  is  dissolved  to  expose  the  grating. 


Fig.  2  Electrodeposited  Copper  Grating 
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Although  electrodeposition  has  been  used  in  industry  for  many  years,  it  is  an  experimentally 
complex  method  where  variables  such  as  bath  composition,  current  density,  and  surface 
quality  will  affect  the  grain  size,  orientation,  and  internal  stress  of  the  deposit.  Control  of 
these  variables  becomes  essential  as  the  dimensions  of  the  electroformed  component  shrink 
to  the  extent  that  its  minimum  dimensions  may  be  on  the  same  order  as  the  dimensions  of 
the  internal  grain  structure.  For  example, 
in  acid-bath  copper  sulphate  plating 
solutions,  grain  size  tends  to  be  quite 
coarse  and  may  be  columnar  in  character 
(Dennis,  1986).  Stress  analysis  for 
microcomponents  made  with  this  process 
would  be  impossible  unless  the  orientation 
for  each  grain  in  the  structure  could  be 
determined  by  selected  area  electron 
diffraction.  Estimates  of  mechanical 
properties  will  improve  if  the  grain  size  is 
minimized  or  if  alternative  methods  that 
produce  an  inherently  small  grain  size  are  ^*8'  ^  ^VD  Tungsten  Grating  Microstructure 

used  for  deposition.  Such  methods  as 

vacuum  evaporation  or  sputtering,  while  producing  fine  grained  or  even  amorphous 
deposits,  are  line-of-sight  techniques  incapable  of  coating  complex  geometries.  Large 
amounts  of  internal  stress  often  result  if  thick  coatings  are  attempted  with  these  methods. 


Two  technologies  that  can  deposit  very 
fine-grain  or  amorphous  coatings  at  the 
thicknesses  required  for  deep  etch 
lithography  are  chemical  vapor  deposition 
(CVD)  or  plasma  enhanced  chemical 
vapor  deposition  (PECVD).  Fine-grained 
tungsten  coatings  can  be  deposited  with 
both  these  methods  by  reducing  WF^  with 
H2  at  pressures  of  a  few  hundred  millitorr 
and  temperatures  from  200"  C  to  600"  C. 
Fig.  3  shows  a  tungsten  grating  formed  by 
CVD  on  grooved  silicon  surface  formed 
by  anisotropic  chemical  etching  of  a 
<  100>  silicon  wafer.  After  deposition. 


Fig.  4  PMMA  Micromold  for  Tensile 
Specimen 


the  silicon  was  dissolved  in  aqueous  KOFI 

solutions  which  do  not  attack  tungsten.  Selected  area  electron  diffraction  demonstrated  the 


average  grain  diameter  to  be  <  0.1  urn. 
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Once  a  component’s  microstructure  has  been  determined,  finite  element  analysis  (FEA)  is 
used  to  determine  how  the  microcomponent  will  behave  under  load.  In  Fig.  4,  deep  etch 
lithography  has  been  used  to  prepare  a  microinold  for  a  tensile  specimen  that  car.  b'“ 


fabricated  with  one  of  the  methods 
described  above.  By  supporting  the 
flanges  of  the  specimen  on  a  piezo 
controlled  stage  the  central  beam  can  be 
subjected  to  either  tensile  or  bending 
stresses.  The  stress  states  can  be 

predicted  by  FEA  as  long  as  the  grain  size 
is  sufficiently  small  that  an  isotropic 
elastic  solution  is  possible  and  that  the 
surface  roughness  is  characterized  in  the 
model  with  a  reasonable  amount  of 
precision. 


Fig.  5  FEA  Model  of  Deformed  Microbeam 


In  Fig.  5,  the  central  microbeam  of  the 

test  specimen  is  represented  by  an  three  dimensional  FEA  model  composed  of  4000 
elements.  If  the  beam  is  loaded  as  shown,  (deformation  has  been  exaggerated)  the 


maximum  principal  stresses  values  can  be 
determined.  The  grooved  features 
inherent  in  the  deep  etch  lithography 
process  will  act  as  stress  raisers  and,  as 
shown  in  Fig.  6,  the  maximum  stresses 
will  occur  at  these  locations.  Large 
numbers  of  nodes  are  needed  to  accurately 
model  a  complete  three  dimensional  beam 
with  surface  roughness,  but  it  is  generally 
sufficient  to  use  a  coarse  mesh  for  the 
complete  model  to  determine  the 
maximum  stress  areas  and  then  refine  the 
mesh  in  these  locations  for  more  accurate 
analysis. 


I 


Fig.  6  Maximum  Principal  Stress  Regions  in 
FEA  Model  of  Microbeam 
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Investigation  of  shape  memory  properties  of  electrodeposited  indium-thallium 
alloys 
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ABSTRACT:  A  process  was  developed  for  the  electrodeposition  of  In-Tl  alloys  in  a 
composition  range  where  this  system  exhibits  the  shape  memory  effect.  The  results 
show  that  the  composition  of  the  alloy  deposits  is  mainly  dependent  on  pulse  peak 
current  density  and  that  the  electrodeposited  alloy  undergoes  phase  transformation 
similar  to  standard  equilibrium  alloys.  However,  the  temperature  range  over  seiiich 
the  transformations  occur  is  substantially  increased.  Qualitative  shape  memory  tests 
were  made  and  shape  recovery  was  confirmed  on  electrolytically  produceo  In-Tl 
alloys. 

1.  INTRODUCTION 

Materials  which  exhibit  the  shape  memory  effect  are  finding  increased  usage  as  both 
sensors  and  actuators  in  smart  o.  adaptive  s'ructures  (Bergamasco  1990,  Neukomm  1990, 
Hashimoto  1985).  The  essential  requirement  for  metal  alloys  to  be  classified  as  shape 
memory  alloys  is  a  martensitic  transformation  upon  cooling,  with  the  appropriate  phase 
change.  Advantage  is  then  taken  of  the  dimensional  change  which  accompanies  the 
alteration  in  structure  with  temperature  to  perform  some  corrective  action  in  a  structure. 
Recently,  studies  in  our  laboratories  have  demonstrated  that  it  is  possible  to  produce  alloys 
which  exhibit  the  shape  memory  effect  using  electrodeposition  techniques.  This  unique 
processing  method  offers  a  number  of  potentially  attractive  features,  which  in  time  might 
be  incorporated  into  advanced  responsive  control  systems.  The  alloys  can  be  deposited 
in  place,  at  ambient  temperature,  in  thii,  films  or  layers,  and  in  a  variety  of  structures  and 
compositions. 

In  this  research,  the  objective  was  to  produce  alloys  electrolytically  which  had  composi¬ 
tions  in  a  range  where  the  shape  memory  effect  was  known  to  occur.  The  indium-thallium 
system  was  chosen  to  show  the  feasibility  of  the  concept  and  research  was  focused  on  the 
production  of  these  alloys  in  a  composition  range  of  15  to  38  at%  Tl.  It  was  determined 
that  homogeneous,  dense  alloy  films  could  be  electrodeposited  using  pulsed  current  from 
a  sulfate  electrolyte  and  the  effect  of  pulse  parameters  on  the  composition  and  morphology 
was  investigated.  The  phases  existing  in  the  electrodeposited  alloys  above  room 
temperature  were  determined  by  high  temperature  X-ray  diffraction  techniques. 

I'"':  loi' p  --  w  I  !.i 
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2.  THE  SHAPE  MEMORY  EFFECT 

The  mechanism  responsible  for  the  shape  memory  effect 
involves  the  presence  of  a  martensitic  phase  transforma¬ 
tion  during  temperature  change.  The  temperature  at 
which  the  martensitic  transformation  starts  on  cooling  is 
called  the  Ms  temperature  and  the  temperature  at  which 
the  martensitic  transformation  stops  is  called  Mf.  For  the 
reverse  transformation,  these  temperatures  for  conversion 
back  to  the  parent  phase  are  called  As  and  Af,  respective¬ 
ly.  The  shape  memory  effect  can  be  explained  by  the 
stress-strain-temperature  relationship  of  the  alloy,  shown  in  Figure  1 .  The  alloy  is  cooled 
below  its  Mf  temperature  (a  to  b).  Then,  the  alloy  is  deformed  in  the  martensitic  state  (b 
to  c)  and  unloaded  (c  to  d).  There  is  a  permanent  strain  present  but  it  is  not  restored  when 
the  load  is  removed.  However,  when  the  alloy  is  heated,  martensite  is  converted  to  the 
parent  austenite  phase  and  the  material  is  restored  in  its  original  shape.  In  the  case  of  the 
In-Tl  system,  the  martensite  phase  is  a  FCT  (face  centered  tetragonal)  and  the  parent  phase 


Indium-thallium  alloys  were  electrodeposited  from  the 
electrolyte  containing  40.6  g/1  of  indium  sulfate,  2.2  g/1 
of  thallium  sulfate,  and  28  ml/1  of  sulfuric  acid  with  the 
peak  current  densities  from  6.7  mA/cm^  to  67  mA/cml 
Platinum  foil  was  used  as  an  anode  and  the  cathode  was 
a  glassy  carbon  plate.  The  effect  of  peak  current  density 
on  the  composition  of  the  alloy  deposit  is  shown  in  Figure 
2.  The  alloy  deposits  obtained  at  low  current  densities  in 
the  range  of  6.7  to  10  mA/cm^  show  high  thallium 
content  of  30-40  at%  and  an  increase  in  current  density  decreased  the  thallium  content  in 
the  deposit. 

As  the  current  density  increases,  the  effect  on  composition  seems  to  diminish.  In  the 
current  density  region  usexi  in  this  .study,  thallium  is  deposited  at  its  limiting  current  value. 
Therefore,  any  increase  in  current  density  actually  leads  to  an  increase  in  the  rate  of 
indiu:  1  deposition.  At  the  high  current  density  region  from  50  to  70  mA/cm^  the  thallium 
conte:.,  approaches  the  limiting  value,  5.3  at%,  which  was  the  concentration  of  thallium 
in  the  electrolyte.  The  composition  of  the  alloy  doesn’t  seem  to  be  dependent  on  the  other 
pulse  parameters  such  as  duty  cycle  and  off  time. 


is  FCC  (face  centered  cubic). 
3.  PULSE  PLATING 
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Fig  2  EIf*?cI  of  peoK  current  density  on  th.illiiim 
content  of  the  deposits  obtjined  at  25  C  without 
agitation 


Fia  1  Illustration  of  the  shape  memory  effect 
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4.  SCREENING  DESIGN  TEST 

A  Plackett-Burman  statistical  design  test  (Lipton  1973)  was  performed  to  investigate  the 
effect  of  selected  controllable  process  variables  on  the  composition  of  the  deposit.  This 
design  is  based  on  a  simplified  first  order  empirical  model,  but  will  also  yield  information 
indicating  overall  curvature,  or  deviation  from  the  linear  model  and  gives  an  iiicic':  ’on  of 
the  presence  of  interaction  effects  among  variables.  An  eight-run  screening  design  was 
chosen,  and  the  experimental  procedure  employed  follows  basically  that  described  in  the 
literature  (Murphy  1977). 

Pulse  plating  parameters  used  in  this  test  were  on  time,  off  time,  peak  current  density,  and 
temperature.  The  factor  levels  and  the  calculation  of  factor  effects  are  shown  in  Table  1 . 
The  screening  test,  as  given  in  Table  2,  shows  that  the  peak  current  density  is  the  only 
significant  factor  in  changing  the  composition  of  the  alloys,  with  the  results  indicating  that 
an  increase  in  peak  current  density  causes  a  decrease  in  thallium  content. 


5.  PHASE  TRANSFORMATION  AND  SHAPE  RECOVERY 

In-Tl  alloys  in  a  certain  composition  range  have  a  FCC 
i !“  ,  structure  as  a  parent  phase  and  undergo  a  martensitic 

1  ^  transformation  to  a  FCT  structure  on  cooling  (Nittono 

■  i  1982).  Figure  3  shows  the  X-ray  diffraction  profiles  of 

*  .  ,  21  at%  T1  alloy  deposit.  The  figure  indicates  that  the 

;  -  electrodeposited  alloy  undergoes  the  phase  transformation 

with  change  in  temperature.  According  to  the  experimen- 
alloy  deposit  tal  fesults  Oil  thermally  prepared  equilibrium  alloys 

(Guttman  1950),  the  transformation  temperature  (As)  of  a  21  at%  T1  is  around  60°C  and 
the  alloy  transforms  completely  by  63-65 °C.  Since  the  electrodeposited  alloy  shows  a 
mixture  of  FCC  and  FCT  phases  in  140°C,  it  seems  the  transformation  was  not  complete, 
even  when  the  temperature  was  well  in  excess  of  that  expected  for  thermally  prepared 
alloys.  Figure  4  shows  the  grain  structures  of  both  thermally  prepared  alloys  and 
electrodeposited  alloys  of  similar  composition.  The  electrodeposited  alloy  has  small 
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grains,  a  few  /tins  in  diameter  and  somewhat  varied  in  grain 
size  while  the  thermally  prepared  sample  has  much  larger  grains 
approximately  hundreds  of  /ims  in  size.  Some  qualitative  tests 
were  made  to  see  if  the  electrodeposited  alloys  exhibit  the  shape 
memory  effect.  An  electrodeposited  alloy  was  cut  into  a 
narrow  strip  and  bent  at  room  temperature.  When  the  sheet 
was  heated,  movement  toward  its  original  flat  shape  was 
observed  showing  at  least  a  partial  recovery  and  the  shape 
memory  effect.  The  deformation-recovery  test  was  repeated 
several  times  and  recovery  was  reproduced  in  every  instance. 

6.  SUMMARi' 

Indium-thallium  alloys  can  be  successfully  deposited  from  a 
sulfate  electrolyte  using  pulsed  current.  An  increase  in  peak  current  density  causes  a 
decrease  in  thallium  content  in  the  deposit.  The  results  from  the  screening  test  show  that 
the  peak  current  density  is  the  only  significant  factor  which  affects  the  composition  of 
electrodeposited  alloys.  The  electrodeposited  alloy  shows  a  martensite  to  parent  phase 
transformation,  FCT  to  FCC  upon  heating.  The  temperature  interval  for  the  transforma¬ 
tion  of  the  electrodeposited  alloys  is  much  wider  than  those  of  the  thermally  prepared 
alloys  but  the  electrodeposited  alloy  does  show  the  shape  recovery.  The  ability  to  produce 
these  new  types  of  shape  memory  materials  by  electrolysis  appears  to  offer  some  exciting 
possibilities  for  incorporation  into  adaptive  structures.  However,  considerably  more 
research  is  required  to  more  clearly  define  and  characterize  these  materials  in  order  to 
optimize  their  potential  applications  in  actual  control  systems.  Future  plans  call  for 
optimizing  the  properties  of  the  In-TI  electrodeposited  alloys  and  investigate  their  use  as 
possible  sensors  in  the  active  control  of  a  simple  cantilever  beam. 
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micromotor 
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ABSTRACT 

Piezoelectric  on  silicon  bimorph  micromotors  could  offer  an  atractive  alternative  to  electrostatic 
micromotors  in  the  sense  that  they  are  much  less  sensitive  to  disturbances  of  their  environment.  A 
major  disadvantage  of  the  electrostatic  motor  is  its  requirement  of  an  electric  field,  which  precludes  the 
operation  of  the  motor  in  a  dirty  environment  or  in  a  conductive  medium,  such  as  water. 

In  deriving  the  effectiveness  of  the  heterogeneous  bimorph,  a  work  cycle  is  assumed  for  the  bimorph. 
The  work  cycle  depends  on  the  nature  of  the  load.  For  a  constant  load,  such  as  gravity,  the  workcycle 
differs  from  that  when  a  spring  type  load  is  applied.  The  energies  stored  in  the  bimorph  and  the  work 
done  are  derived  for  each  combination  of  boundary  conditions.  The  performed  work  is  related  to  the 
electrical  energy  taken  in  by  the  bimorph.  The  effectiveness  A  for  constant  load  is  defined  as  the  ratio 
of  the  energy  transferred  by  the  bimorph  to  the  energy  put  in  by  the  generator. 

For  the  spring  type  load  the  results  are  more  complicated  because  the  effectiveness  depends  on  thr 
springconstant  of  the  loading  spring.  In  our  laboratory  we  have  experimentally  fabricated  ZnO  on  Si.N’ 
heterogeneous  bimorphs  with  dimensions  of  3000  x  400  x  Zp. 


INTRODUCTION 


Himorphs  have  been  invented  by  Sawyer,  who  in  his  paper  of  November  1931  gave  a  full  account 
"f  their  use  up  to  that  time  [ij.  Bimorphs  have  been  used  since  for  many  appications  of  which  we  will 
mention  a  few:  the  changing  of  displays  [2,3],  to  record  sound  [4],  for  precision  displacement  [5  ,  for 
optical  scanners  [6,7],  for  pumps  [8,9],  and  for  air  flow  gcneration[10,  llj.  They  have  also  been  used  to 
bend  mirrors, [12],  to  rotate  the  head  of  a  magnetic  tape  drive  for  a  video  tape  recorder  [13],  to  bring 
diaphragms  in  vibration,  [14]  and  to  make  motors  [15,16,17].  Piezoelectric  bimorphs  have  als«-  been  used 
to  control  structural  vibrations  [  18,  19,20,21]  .  The  bimorphs  arc  used  as  a  gripping  device  [22,23]  or 
as  a  fine  positioner  [  24,25]. 

Whatever  the  application,  the  total  energy  transfer  in  static  applications  can  not  exceed  the  limits 
which  are  set  by  the  piezoelectric  material,  as  the  arc  calculated  by  Lucas  [26] 

CONSTITUENT  EQUATIONS 

The  consi.iucnt  equations  of  piezoelectric  bimorphs  have  been  formulated  in  terms  of  the  canonical 
pairs  (Af,  a),  (F,  6),  (p,  V)  and  (V'',  Q),  where  M  is  the  external  moment  at  the  tip,  a  is  the  rotation,  f 
is  the  force  at  the  tip  and  6  is  the  deflection,  p  is  the  force  per  unit  area  (pressure)  and  V  is  the  volume 
diplacement  of  the  bimorph  .  V  is  the  voltage  across  the  electrodes,  and  Q  is  the  charge  on  them.  The 
constituent  equations  are  given  as: 
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where  B  is  the  bimorphmatrix. 

Consider  the  case  that  the  bimorph  is  loaded  with  a  constant  force.  How  much  energy  is  it  able  to 
'ranfcr  into  the  the  object  that  exerts  the  force?  It  has  been  shown  [27]  that  it  is  possible  to  calculate 
»h-’  effectiveness  Xy  as 


16  +  23431* 


(^) 


Similar  equations  hold  for  the  effectivenesses  against  a  constant  moment  M  working  at  the  tip  and 
f  r  a  constant  pressure  p  on  the  beam. 


Xm 


2  +■  6  + 


(i) 


In  the  case  that  the  bimorph  acts  against  spring,  as  opposed  to  a  constant  force  the  effectiveness 
li'Tomcs  dependent  on  the  spring  constant.  We  use  the  symbols  MAfiMriMp  to  distinguish  it  from  the 
rase  with  the  constant  boundary  condition  [28] 


MAf  = 


MF  = 


*'F(r 


I 


flp  = 


^p[  1 


64,- 


1+*^65; 


(3) 


As  is  obvious  in  equation  5  the  effectiveness  depends  on  the  spring  constants  k^y  kf^kp.  Obviously, 
when  the  spring  constants  go  to  zero,  the  effectiveness  will  vanish  too,  on  the  other  hand,  if  the  springs 
become  infinitely  stiff,  then  the  effectiveness  will  also  go  to  zero.  It  is  clear  that  there  is  an  optimum 
spring  constant  for  which  there  will  be  a  maximum  energy  transfer.  To  find  that  spring  constant  we 
lake  the  derivative  of  the  effectiveness  with  respect  to  the  springconstant  and  set  it  equal  to  zero  and 
solve  for  the  springconstant.  We  find  for  MAfma*' 


MMma* 


4(1 


)(2 


4(1- 


+  2  /1  - 


(G) 


We  observe  in  these  equations  that  the  effectiveness  Aj  and  the  maximum  efecliveness  Mima«  where 
i  -  M,  F,p  are  largest  in  the  case  of  a  moment,  smaller  in  the  case  of  a  force,  and  smallest  in  the  case 
"f  a  pressure.  It  has  been  stated  [29]  that  0  <  <  1  and  we  can  use  these  limits  to  find  : 


Xm  >  X/r  >  Ap  ^  >  MPmo« 


This  seems  striking  and  rather  important;  When  a  piezoelectric  bimorph  is  used  as  a  motor 
dement,  it  is  most  effective  as  a  ”moment”-motor,  less  effective  as  a  "force”-  motor  and  least  effective 
as  a  ”pressurc”-motor.  In  particular  the  last  case  is  important  for  the  design  of  piezoelectric  pumps, 
because  if  the  medium  to  be  pumped  is  in  direct  contact  with  the  deflecting  bimorph  then  the  pump 
IS  the  least  effective.  It  may  be  necessary  to  look  at  a  different  design  for  the  pump. 


As  it  may  be  convenient  in  micromachining  to  fabricate  a  piezoelectric  film  on  top  of  a  Silicon 
cantilever  beam,  we  have  a  new  type  of  clement  which  we  call  an  enakemesa  morph,  (from  the  Greek 
cna  kai  meso  which  means  one  and  a  half),  which  is  called  by  others  [7]  "heterogeneous  bimorph  "  or 
31'  ”  monomorph”.  Its  constituent  equations  have  been  analyzed  and  can  be  summarized  as: 


I 
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The  enakemesomatrix  E  in  its  full  form  is  given  by: 
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where  h„p  and  are  the  thickness  and  the  elastic  compliance  of  the  non-piezoelectric  material, 
while  hp  and  are  the  corresponding  counterparts  of  the  piezoelectric  material,  dsi  and  are. 
respectively,  the  direct  piezoelectric  coefficient  and  the  dielectric  constant  under  constant  stress  of  the 
piezoelectric  material.  L  and  w  are  the  length  and  width  of  heterogeneous  bimorph. 


If  we  again  define  the  effectiveness  as  Xp  we  find 


Ar  = 


ejzess  +  3eL 


and  similar  expressions  for  Am  and  A,. 

Substitution  of  the  matrix  elements  of  equation  (17)  gives; 

18fc3i'nt*(l  +  t’) 


iH  -  *3i’(4n’t  -  23n«’  -  54n««  -  23nf>  -I-  4<*) 


(12) 


(13) 


where 


//  =  71^  4-  5n^t  +  47it^  +  +  6nt^  +  4-  5nt^  + 


t: 


^33^11 


(M) 

(15) 


Similar  equations  for  Xp  and  X^  are  found. 

By  normalizing  the  expressions  we  can  rewrite  them  as 
It  can  be  verified  by  coefficient  inspection  that 


Am  >  Xp  >  Xp  for  n,i>  0 


0  <  *31  <  1- 


(16) 


A  As  Function  Of  *31 

It  is  noted  that  for  fxed  values  of  n  and  i,  Xp,  Am  and  A^  increase  almost  parabolically  with 
increasing  *31  and  reach  meixima  at  *31  :=  1.  Thus  piezoelectric  heterogeneous  bimorphs  made  out  of 
piezoelectric  materials  with  higher  coupling  factor  will  be  more  effective. 
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OptimaJ  Film  Thickness  lintio,  Iq 

From  (13),  we  observe  that  A/’,  A,\f  and  Xp  are  functions  of  At3i ,  n  and  t.  In  order  to  make  the  analysis 
tnatliemalicaliy  tractable,  we  will  let  n  equal  to  1.  Such  assumption  will  be  a  reasonable  approximation 
t'>  some  of  the  piezoelectric  and  non-piezoelectric  systems.  For  examples,  of  ZnO  is  7.75  (TPa)”‘ 
and  All  uf  Si  is  7.74  (TPa)  K  However  s\i  of  Si  varies  with  the  dopant  concentration  and  can  have 
values  between  7,5  to  7.9  (TPa)“^  :3l].  Thus  for  the  ZnO  and  Si  system,  n  =  1  indeed  can  be  achieved. 

With  n  —  1,  we  can  rewrite  (13),  (25)  and  (27)  as  : 

_  _ _  18A3i^^(1  -tf _ 

^  -I  +  20(  .  lOf’  T  .1  201“  -  -  *3,^  (•!(  -  23t^  -  54t^  -  23t“  ^ 

To  obtain  values  of  optimal  thickness  ratio  £o  for  maximum  v»*iocs  of  i»».  .  lT'*c  kivex;ess,  we  establish 
:li»’  fi ‘Ih'w-ing  conditions: 


/)Af  _  T2i3i^/(>  0(2  -  <  -  *31  ^ 

'9t  (  -  4  -  121  ^  4*3i^«  -  I2«^  -  -  4t^ 

S'llving  the  above  equations  separately  yields  the  following  sets  of  roots: 


1  -  ^31 


O' 


6 

1  -  ^31^ 


(19) 


Fhere  are  t  real  and  distinct  roots  in  this  solutions  set,  which  are  also  found  for  A^f  and  A  -  p.  This 
implies  that  for  a  given  value  of  k^j ,  the  optimal  geometrical  design  of  the  bimorph,  i.e.  for  use  as  a 
mi'meiit  motor  will  also  be  optimal  for  use  as  a  force  motor  or  a  pressure  motor. 

Of  the  four  root.s  in  the  solutions  set,  £oi»  negative  definite  and  tos  is  zero,  they  are  not  nf 

p.ivsical  interest.  £54  is  positive  definite  and  shows  a  dependence  on  *31.  For  a  practical  system  like  ZnO 
n  Si.  kj]  for  ZnO  is  0.18  and  n  is  1.  Hence  £©4  is  determined  as  2.02. 

For  the  PZT  and  Si  system,  ^31  for  PZT  is  0.3.  is  12.3  (TPa)"*  and  n  is  0.6.  Repealing 

t.h^  previous  computation  procedures  with  n  -  0.6,  the  optimal  value  of  film  thickness  ratio,  £04  is 
i''termined  as  1,-41. 


We  can  summarize  the  previous  results  in  the  following  table: 

TABLE  1.  RESULTS  OF  OPTIM ATIZATION  WITH  RESPECT  TO  £ 


Materials 

'  ^31 

n 

to 

ZnO  on  Si 

0.18 

1.0 

2.02 

0.0278 

1  0.0210 

0.0157 

FZT  on  Si 

0.30 

0.6 

i  1.41 

1  0.0777 

1  0.0600 

^  0.045,7 

The  above  results  suggest  that  for  a  system  with  weak  piezoelectric  coupling  factor,  the  non- 
/oelectric  film  should  be  approximately  1.5  to  2.0  times  as  thick  as  the  piezo-electric  film. 


IV,  Conclusion 

Fhe  effectiveness  of  a  heterogeneous  bimorph  in  converting  electrical  energy  into  mechanical  work 
f".  a  function  of  the  piezoelectric  coupling  factor,  the  thickness  ratio  and  the  elastic  compliance  rati-* 
ii'’tween  the  non-piezoelectric  and  piezoelectric  material  comprising  the  bimorph. 

It  has  been  found  that  the  heterogeneous  bimorph  has  the  largest  effectiveness  in  performing  work 
u'ainst  a  constant  load  applied  as  a  moment.  Effectiveness  of  the  bimorph  in  performing  work  against 
a  constant  load  applied  as  a  force  at  the  free  end  is  larger  than  that  of  an  applied  pressure. 

The  set  of  optimal  values  of  ^3;,  n  and  £  leading  to  maximum  A^f  will  also  lead  to  maximum 
and  Ap 

For  systems  of  practical  interest,  such  as  the  ZnO  on  any  substrate,  maximum  effectiveness  occurs 
at  £  -  2.02  and  n  -  0.687,  where  the  non-piezoelectric  film  is  about  twice  as  thick  as  the  piezoelectric 
lilni  For  ZnO  on  Si.  Aj\f  --  2  78%  Af  2=  2.10%  and  Ap  '  1.57% 


Sniiiff  \fi(  I  S 
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For  PZ  r  on  any  substrate,  we  find  that  maximum  effectiveness  occurs  at  t  -  1.45  and  n  (J. 41,15. 
P-r  PZT  on  Si,  we  find  1.71%  Xf-  .  fi.00%  and  Ap  -  4.55% 
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Robustness  issues  in  model  adaptive  controllers 
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ABSTRACT 

Smart,  adaptive  or  intelligent  structures  can  be  used  to  actively  control  vibrations- 
For  smart  structures,  to  perform  selected  functions  autonomously,  variations  in  the  a 
priori  model  due  to  added  pay  loads,  flaws  or  failures  should  be  accommodated.  One 
way  of  accommodating  such  variations  is  by  adaptively  changing  the  plant  model.  These 
changes  can  also  be  accommodated  by  designing  robust  controllers.  In  this  paper  such 
model  adaptive  controllers  and  robust  controllers  are  designed  for  a  specific  flexible  body 
.sy.stem  to  optimize  the  design  for  either  the  robust  controllers  or  the  model  adaptive 
controllers. 

INTRODUCTION 

During  the  past  .several  years  there  has  been  a  considerable  amount  of  research  activ- 
it\’  to  use  bonded  or  embedded  piezoceramic  (or  PVDF)  sensors  and  actuators  to  control 
vibration  (or  jitter)  in  light  weight  structures( Olson  1956,  Forward  1979, 1981a, 1981b, 1983 
Hanagud  et  al  19S6a,b,c,1988,  Crawley  et  al  1985,  Fanson  et  al  1987).  Bonded  piezoce- 
r.imic  sen.sors  and  detection  circuits  c;m  be  designed  such  th.it  the  rati'  of  deformation  of 
.1  beam  St  I  net  lire  will  result  in  a  signal  that  is  proportional  to  the  ditferenci'  of  the  slope 
i,e.  the  two  ends  of  the  tran.sduccr  (lltinagud,  Obal  and  Cali.se  19SCa.l),19S8).  Simihir 
ie...i;lis  rail  be  derived  for  voltage  time  histories  a.s  a  function  of  the  deformation  rates 
of  oilier  types  of  structures.  The  detected  signal  can  be  conditioned  by  operations  such 
•  Ls  tilteiing,  plnuse  shift  and  amplification.  The  conditioned  signals  are  used  as  inputs  to 
bonded  or  embedded  iiiezoceramic  actuators  to  transmit  energy  to  the  structure.  The 
ob|eeii\e  of  the  oiieiatioiis  of  .sensing,  conditioning  ami  feedback  to  .selected  actuators 
IS  to  design  a  vibration  or  jitter  control  of  the  structure. 

Most  of  the  work  in  the  area  of  flexible  structural  controls  assumes  a  time  invariant 
system.  However,  in  practice  flexible  structures  may  undergo  discontinuous  changes 
due  to  failures,  induced  defects,  added  pay  loads  or  configuration  changes.  Controllers 
designed  with  a  [iriori  time  invariant  assumption  will  be  inefficient  and  in  many  cases 
ma\  Ic.id  to  instability.  'I  liis  necessitates  the  usage  of  adaptive  controllers  in  such  cases. 
.Some  of  the  existing  adaptive  controllers  include  self  tuning  rcgulators(Sticn  and  Saridis 
1979,  Deshpandeet  al  1973,  Wittenmark,  1979)  and  model  adaptive  controllers(Hanagud 
et  ,d  1990,  Glass  et  al  1990). 

In  self  tuning  regulators,  model  parameters  are  identified  based  on  a  time  invariant 
form  obtained  from  the  initial  assumptions.  The.se  methods  may  not  be  able  to  adapt 
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!.)  >  111  ihc  a  pri'iii  model.  In  model  adaptive  eoiit rollers,  initially  appro- 

model  IS  ideniitieil  l>y  nsinj'  Artilieial  Intelligenee  ( AI )  first  best,  heuristic  search 
teeimiipii  s.  .\ft.T  tiie  model  is  identified,  based  on  the  idetitified  model,  i>arameter,s  are 
ideiiiihed  similar  to  self  timiii!;  rej^nlators.  Cost  involved  in  siieh  model  luiajttive controls 
me  I  mil'  the  cri'at  ion  of  an  elaborate  modi'l  space,  selei'tion  of  the  most  likely  model  from 
the  model  space  and  selection  of  the  model  parameters  for  the  ,selected  model. 

d  lie  discont iimoiis  chaiiKes  in  the  model  [laramelers  from  the  a  jrriori  model,  from 
iiere  ii  ferred  as  nominal  model,  can  ahso  be  accommodated  by  consideritig  the  changes 
ill  the  model  parameters  as  iinccrtainities  and  then  designing  robust  controllers  using 
teclmiques  like  /i  control  theories  (Doyle  et  al  1982,1988,  Packard  et  al  1988).  But  ac¬ 
commodating  these  uncertainities  using  robust  controllers  may  involve  excessive  control 
forces  and  elaborate  controllers.  The  purjmse  of  this  paper  is  to  compare  the  relative 
merits  of  the  both  robust  adaptive  controllers  and  model  adaptive  controllers. 

.■\  .specific  example  of  a  single  link  flexible  arm  with  varying  tip  inas.ses  is  considered 
as  the  titnc  varying  flexible  system.  As  the  tip  mass  varies,  the  dynamics  of  the  system 
changes.  The  controller  designed  for  one  configuration  of  dynamic  equations  may  lead 
to  itistability  in  atiother  configuration  of  dynamic  equations.  The  varying  tip  mass  is 
coiisideied  ;is  the  uncertainity  and  robust  adaptive  controllers  are  designed.  Heuristic 
searcli  tnethod.s  (Hanagud  el  al  1990,  Glass  et  al  1990)  are  u.sed  to  select  a  proper 
model  and  based  on  that  model,  model  adaptive  controllers  are  designed.  Performance 
is  coiiqiared  for  both  the  controllers. 

DYNAMIC  EQUATIONS 

.An  adaptive  structure  of  a  single  link  flexible  arm  made  of  aluminum  with  the  geomet¬ 
ric  configuration  a.s  shown  in  figure  1  is  considered.  The  structure  consists  of  piezoelec¬ 
tric  .sensors,  ])iezoeli'ctric  actuators,  detecting  circuit  and  a  controller.  The  piezoelectric 
sensor  convi'rts  the  iiieclninical  <'nergy  dui'  to  disturbances  into  an  electric  field.  The 
detection  circuit  attached  to  the  .sensor  converts  this  electric  field  into  a  voltage  which 
in  turn  is  transmitti-il  through  a  controller  to  the  actuator.  The  ])lanf  equations  with 
the  bonded  piezoceramie  sen.sors  and  actuators  can  be  written  as  follows(Hanagud  et  al 
!  ii'^da  bi 


/  .  ’.r  f  ////  4  Hi-j  1  C:  /T'‘ 

!/  --  Ct  //  a  }{■’'  ( I ) 

.Now  a  (U  n.iimc  eompeiisalor  is  di'signi’d  to  suppress  the  vibration  caused  bv  the  exter¬ 
nal  (lisliirbance  by  using  11.^  control  jinx'edure  (l)ovle  et  al  1982,88).  In  this  control 
proi  ednre,  the  compensator  is  di'.signed  for  the  worst  c.a,se  error  due  to  the  dist uriiance. 
riie  controller  thus  designed  is  based  on  the  lime  invariant  a  priori  model  and  is  ktiown 
as  nominal  model.  1  his  model  can  not  accommodate  any  variations  in  the  plant  model, 
do  accommodate  the  variations  in  the  plant  model  due  to  the  changes  in  the  dynamies 
of  the  systetn,  adaptive  controllers  need  to  be  ilesigiied.  Two  stich  adaptive  controllers 
are  robust  adaptive  controllers  and  model  adaptive  controllers. 

ROBUST  ADAPTIVE  CONTROLLER 

The  robust  adaptive  controller  is  designed  using  /i  .synthesis.  The  governing  differ¬ 
ential  equation  with  adrled  tip  mass  can  be  written  with  (,4  4-  A.4),  (/?i  4-  A/f] )  and 
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( )n(  till'  iiiodi'l  is  identified  by  using  flie  artificial  intelligence  based  heuristic  search 
iiietlind.s,  pai .uueters  like  mass,  stiffness  and  damping  are  identified  using  conventional 
stiiietural  dynamic  iilcntification  algorithms  (Hanagud  et  al  1986c)  with  the  model  cho¬ 
sen  through  model  identification  procedure  as  the  a  priori  model.  With  the  chosen  model 
and  I  iiosen  parameters,  a  nominal  /i  controller  is  designed  which  will  be  termed  as  model 
adaptive  controller.  It  differs  from  the  earlier  designed  nominal  controller  in  the  sense 
that  the  dynamic  model  used  for  the  design  of  controller  is  different. 

RESULTS  AND  DISCUSSIONS 

A  five  degree  of  freedom  structural  dynamic  model  is  generated  by  the  identification 
procedure  (Hanagud  et  al  1986c)  for  the  single  link  flexible  arm  shown  in  figure  1.  Using 
the  procedure  given  in  (Doyle  et  al,  1982,1988),  a  nominal  Hoc  controller  is  designed. 
Tip  rotation  with  and  without  nominal  controller  is  shown  in  figure  3.  Control  force 
required  for  the  suppression  is  shown  in  figure  4.  Effectiveness  of  the  nominal  controller 
is  tested  by  considering  the  flexible  manipulator  with  a  tip  mass  equal  to  the  25  percent 
of  the  total  mass  of  the  arm.  The  tip  rotation  with  and  without  nominal  controller 
is  shown  in  figure  5.  It  can  be  seen  from  the  figure  5  that  the  system  resulted  in  to 
instability  due  to  the  presence  of  tip  mass.  To  account  for  this  tip  mass,  two  options  are 
available,  one  being  the  robust  adaptive  controller  and  the  other  one  is  model  adaptive 
controller. 

With  a  tip  mass  of  25  percent  of  the  total  mass  of  the  arm,  a  robust  controller  is 
designed.  The  tip  rotation  of  the  arm  with  and  without  robust  controller  with  this  tip 
mass  is  shown  in  figure  6.  The  control  force  required  for  this  configuration  is  shown  in 
figure  7.  The  tip  rotation  and  control  force  for  the  manipulator  with  out  tip  mass  with 
robu.st  controller  are  shown  in  figures  8  and  9.  From  figures  4  and  9,  it  can  be  seen 
that  the  control  force  requirement  for  a  robust  controller  is  higher  than  the  control  force 
requirement  of  a  nominal  controller.  But  the  controller  can  accommodate  the  tip  masses 
up  to  25  percent  of  the  total  mass  of  the  beam.  Thus  using  robust  adaptive  controllers, 
we  can  design  controllers  that  can  accommodate  certain  amount  of  variation  from  the  a 
priori  model  at  the  expense  of  control  force.  Second  option  that  can  be  considered  is  the 
model  adaptive  controller  which  involves  using  the  Artificial  Intelligence  based  heuristic 
.^e.ueh  methods. 

With  this  first  best  .search  approach,  model  for  the  cantilever  beam  with  the  tip 
ma.ss  of  25  percent  of  the  total  weight  has  been  identified.  Using  this  model  as  the 
nominal  model,  a  /r  controller  is  designed.  The  tip  rotation  and  controller  forces  for 
such  controller  designed  is  are  shown  in  figures  10  and  11.  It  ran  be  seen  that  the 
control  force  levels  are  similar  to  the  control  force  levels  when  a  nominal  controller  that 
is  designed  for  the  arm  with  out  tip  mass. 

CONCLUSIONS 

Time  varying  flexible  systems  require  adaptive  controllers  to  accommodate  the  vary¬ 
ing  d\  iiamic  models  Two  types  of  adaptive  models  are  considered.  Robust  adaptive 
control  models  assume  the  variation  from  the  a  priori  mode!  as  the  uncertainity  and  a  p 
controller  will  be  considered  to  accommodate  that  uncertainity.  In  the  model  adaptive 
controller,  the  artificial  intelligence  based  heuristic  search  methods  select  a  new  model 
from  the  created  most  probable  model  space.  Usage  of  robust  adaptive  controllers  results 
in  elaborate  controllers  and  excessive  control  forces.  But  it  does  not  require  design  of 
many  controllers  for  the  creation  of  model  space.  The  model  adaptive  controller  requires 
less  control  force  when  compared  with  robu.st  adaptive  controllers  but  it  requires  design 
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Hero  in,k,d  are  mass,  stiffness  and  damping  matrices  and  is  the  actuator  related 
pii'/.oelectric  constant.  This  can  also  be  arranged  in  as 

r  =  +  Bjf  +  Dvj  +  V 

V  =  6z 

s  =  AAr  +  ABjf  +  AZ?Vrf 

y  =  cr  (3) 

Mere  d  is  the  uncertainity  due  to  the  presence  of  the  tip  mass.  This  can  be  represented 
in  a  block  diagram  as  shown  in  2.  Now  the  problem  is  in  the  frame  work  of  p  synthesis 
(Doyle  et  al  1982,1988,  Packard  and  Doyle,  1988).  A  robust  controller  is  designed  that 
can  accommodate  the  addition  of  tip  mass  using  p  synthesis.  It  should  be  noted  that 
the  designed  robust  controller  is  based  on  the  same  dynamic  model  as  the  nominal 
controller  with  the  variations  of  nominal  model  being  considered  as  uncertainity.  That 
is  tills  robust  adaptive  controller  can  accommodate  both  the  nominal  model  and  varied 
model. 

MODEL  ADAPTIVE  CONTROLLERS 

'Idle  b.Lsic  idea  of  model  identification  is  to  improve  the  accuracy  of  parameter  iden- 
tificatioii  by  starting  it  with  an  a  priori  model  which  more  closely  resembles  the  jictual 
St  met  lire  than  an  initial  time  invariant  moilel.  Design  of  model  adajitive  contrtillers 
iii'-iiUi-  the  idem itii  at ion  of  both  the  miHlel  ami  the  parameters  based  on  the  identified 
iii'i'iel.  In  a  tilin’  \aiviiig  flexible  struetuie  (T\T'S),  a  model  1/  is  defined  bv  means  of 
dilieieiilial  oiieralurs,  boundary  and  initial  eoiiditions.  d  he  paranieters  tt,  that  need  to 
be  idi'iit.ified  ill  a  elioseii  model  ineluiic  the  mass,  stiffness  and  damping  matrices,  'l  liiis 
the  identification  in  ;i  model  adaiitive  controller  procedure  indieati's  the  selection  of  u 
and  paiaiiielers  (I,  such  that  the  error  function  is  minimized  among  all  jiossible 

moil  Is  in  a  model  search  space  and  all  possible  parameters.  The  form  tif  the  model 
scan  h  space  is  diseoiitiiiuous  and  include  infinite  set  of  all  possible  'I’VFS  models.  Since 
it  IS  impractical  to  use  ,1  in  an  infinite  set,  the  model  subspace  is  rostricteii  to  a  finite  set 
of  most  likely  models,  1! .  R  is  chosen  such  that  individual  model  resjionses  H(i/,  f?, )  for  an 
a  priori  set  of  jiarameters  are  distinct  However,  there  exists  a  po.ssilrilitv  that  the  model 
to  be  idi'iitified  may  not  exist  in  the  chos<'U  most  likely  subset  R.  In  addition,  noi.se  due 
to  various  reasons  also  result  in  error  in  the  measurements  used  in  the  evaliiatitui  of  error 
fuiietioii  .1  d’liis  tiecessitates  the  selection  of  best  model  in  terms  of  minimization  of  error 
.1  if  exact  match  is  not  found  in  R.  .As  the  model  space  R  is  di.scontiuuous,  minimization 
can  not  lie  defined  bv  and  J  cannot  be  minimized  bv  numerical  methods.  Therefore 
svmbolic  iiu'thods  such  as  heuristic  methods  are  required  to  find  the  o])timal  model  in 
li 
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Ilf  in.iiiN'  |i(i,s,sil)!i-  Cl  ml  iiillri'-  III  iT-'.-tli'  iiiDili’l  snare.  Bol.h  (lie  metlioiis  can  he  ii.seil  for 
lln  la;i',e  eiianj'.es  ni  tile  sv^ieui  'IV.'ele  oi!  s'lioilld  he  inaiie  when  .seleetiiie  a  silitahle 
.11  l.i  ;il  n  e  ri  ml  1 1  illei .  ( )  |  It  i  1 1!  a !  -eleet  ji  n  coll  hi  I..  -  (lesii;ii  of  rohiisl  <-oiit  rollers  in  the  model 
sli.n  e  aeeonimoda  me  a  hand  of  variations  iii  the  model  farm  for  earh  element  of  rohnst 
eoiil  I  oiler  in  t  he  nn  idel  siiae" 
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Preliminary  design  of  optimal  Hi  and  //^c  controlled  structures 


Robert  N.  Jacques  and  David  W.  Miller 
Space  Engineering  Research  Center 
Massachusetts  Institute  of  Technology 


Abstract 

Recent  trends  in  spacecraft  design  which  yield  larger  structures  with  more 
stringent  performance  requirements  place  many  flexible  modes  of  the  structure 
within  the  bandwidth  of  active  controllers.  The  resulting  complications  to  the 
spacecraft  design  make  it  highly  desirable  to  understand  the  impact  of  structural 
changes  on  an  optimally  controlled  structure.  This  work  uses  low  order  structural 
models  with  optimal  Hi  and  Hao  controllers  to  develop  some  basic  insight  into 
this  problem.  This  insight  concentrates  on  several  basic  approaches  to  improv¬ 
ing  controlled  performance  and  how  these  approaches  interact  in  determining  the 
optimal  designs. 

1  Introduction 

Traditionally,  control  and  structure  subsystems  in  spacecraft  have  been  designed 
separately.  This  was  an  efficient  approach  when  the  required  bandwidth  of  rigid  body 
controllers  was  well  below  the  frequencies  of  the  flexible  modes  of  the  structure.  Recently 
however,  increasing  size  in  spacecraft  structural  designs  have  resulted  in  ever  decreasing 
frequencies  for  flexible  modes,  while  more  stringent  pointing  and  alignment  requirements 
have  resulted  in  control  designs  of  increasing  bandwidth.  The  net  result  is  that  several 
to  many  flexible  modes  of  a  spacecraft  structure  can  lie  within  the  bandwidth  of  onboard 
controllers.  The  strong  interaction  of  structure  and  control  that  arises  from  this  makes 
simultaneous  design  of  these  two  subsystems  highly  desirable. 

One  approach  to  this  problem  can  be  called  numerical  control/structure  optimiza¬ 
tion  ll’.  In  this  method,  one  first  selects  a  basic  structural  and  control  design  {e.g.  a  ten 
bay  truss  with  full  state  feedback).  Several  structural  parameters  {e.g.  truss  member 
thicknesses)  and  control  gains  are  designated  as  design  variables  and  a  dynamic  perfor¬ 
mance  metric  is  formulated.  A  numerical  algorithm  is  then  employed  to  search  over  the 
space  of  allowable  designs  for  a  particular  one  which  optimizes  the  dynamic  performance 
metric  with  a  suitable  constraint  on  the  overall  mass  or  size  of  the  structure. 

The  .Achilles  Heel  of  this  approach  lies  in  the  lack  of  physical  insight  yielded  by  the 
numerical  solution.  This  insight  is  crucial  in  designing  any  controlled  structure,  includ¬ 
ing  one  which  will  ultimately  be  designed  numerically.  A  good  understanding  of  how 
changes  in  the  structure  influence  controlled  performance  is  essential  in  formulating  the 
optimization  problem  to  be  solved  numerically.  For  example,  physical  insight  will  hope¬ 
fully  lead  to  a  wise,  rather  than  arbitrary  selection  of  the  design  variables.  Otherwise 
selection  of  design  variables  can  place  design  objectives  at  odds  and  thereby  yield  a 
needlessly  compromised  solution. 

One  can  envision  four  basic  ways  that  a  change  to  the  structure  of  a  spacecraft  can 
alter  its  controlled  performance.  First,  it  can  alter  the  way  that  disturbances  influence 
the  dynamics  of  the  structure  (disturbability).  Second,  it  can  affect  the  influence  of 
control  actuators  (controllability).  Third,  it  can  change  the  way  in  which  the  dynamics 
of  the  structure  appear  in  the  performance  metric  (observability).  And  finally,  it  can 
change  the  frequencies  and  damping  ratios  of  the  structure.  It  should  be  noted  that 
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there  is  also  a  fifth  way  that  one  can  alter  the  performance  of  a  controlled  structure, 
and  that  concerns  changes  which  affect  the  robustness  of  the  controllers.  However,  this 
is  beyond  the  scope  of  this  work.  The  next  section  describes  the  basic  mathematical 
controlled  structure  problem  and  formulates  a  low  order  problem  (typical  section)  useful 
in  studying  how  these  different  approaches  interact. 

2  Problem  Description  and  Typical  Section 

A  general  linear  structure  can  be  described  by  the  equation  of  motion: 

M{ci)r  +  D(a)f  +  K{a.)r  =  F{a)u  +  G{a)v 

y  =  N(a)r  (1) 


where  r  is  a  vector  of  physical  displacements  on  the  structure,  y  is  a  vector  of  displace¬ 
ments  (either  physical  or  modal)  to  be  controDed,  u  is  a  vector  of  control  forces,  and  v 
is  a  vector  of  disturbance  forces.  The  vector  a  is  an  array  of  real  values  which  represent 
quantities  in  the  structure  which  can  be  varied  by  the  engineer  in  the  design  process. 
F’or  example,  the  elements  of  a  could  represent  the  diameters  of  members  in  a  truss 
structure.  The  goal  of  control/structure  optimization  is  to  find  a  suitable  combination 
of  structural  parameters  and  control  force  which  minimizes  the  performance  metric. 

(a',u*(t))  =  arg  min  J{M{a),  D{a),  Kia),  F{a),G{a),  N{a),u{t))  (2) 


The  set  of  allowable  designs,  12,  is  usually  constrained  to  contain  only  designs  that  are 
below  some  maximum  value  of  size  or  mass. 

Equation  1  can  be  transformed  into  a  modal  state  space  representation  where  the 
state  vector  is  modal  displacement,  q,  and  frequency  normalized  modal  velocity,  q’: 


d  q 

7t  q' 
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y  - 


(3) 


The  matrices  uj  and  C,  are  diagonal  matrices  containing  the  natural  frequency  and  damp¬ 
ing  ratio  of  each  mode  and  $  is  the  modal  transformation  matrix: 

r  =  ^q  q'  =  vj-'q  =  I  w  2Cu;  (4) 


Altering  certain  matrices  in  Equation  3  corresponds  exactly  to  the  approaches  for  alter¬ 
ing  controlled  performance  mentioned  above.  It  is  useful  to  make  the  following  defini¬ 
tions. 


Frequency  Matrix 
Damping  Matrix 
Controllability  Matrix 
Disturbability  Matrix 
Observability  Matrix 


c 

/•  = 

Qv  =  or 


(5) 


Note  the  appearance  of  inverse  frequency  in  the  expression  for  controllability.  It  reflects 
the  inherent  resistance  of  higher  frequency  modes  to  impulsive  control  forces.  Similarly, 
there  are  frequency  terms  in  the  disturbability  expressions,  except  that  there  are  two 
forms.  The  first  corresponds  to  impulsive  (velocity)  disturbance  forces,  the  second  cor¬ 
responds  to  static  (displacement)  disturbance  forces.  The  choice  of  exponents  in  these 
expressions  is  clarified  below. 


Controller  Design  / 


429 


Any  alteration  to  the  structure  can  be  perceived  as  having  two  stages  of  effects.  First, 
a  change  to  the  structure  alters  its  frequencies,  damping,  controllability,  disturbability, 
and  observability.  Second  the  changes  in  these  quantities  alter  the  controlled  perfor¬ 
mance  of  the  system.  This  view  of  the  problem  is  useful  because  it  is  relatively  easy 
to  understand  how  a  change  to  the  struc¬ 
ture  will  inRuence  its  frequencies,  damp¬ 
ing,  controllability,  disturbability  and  ob¬ 
servability.  If  one  could  then  understand 
the  relative  importance  of  these  quanti¬ 
ties  in  determining  controlled  performance, 
then  one  would  have  a  good  understanding 
of  the  entire  problem.  To  develop  this  un¬ 
derstanding,  it  is  useful  to  study  the  sys¬ 
tem  shown  in  Figure  1.  Figure  1:  Typical  section 

This  system  is  typical  of  a  single  mode  of  a  flexible  structure.  For  this  reason  this 
model  and  its  associated  controller  are  called  a  controlled  structure  typical  section.  The 
frequency,  damping,  controllability,  disturbability,  and  observability  matrices  for  the 
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and  the  equation  of  motion  in  state  space  form  is: 
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I  h.e  next  sections  show  how  the  above  parameters  influence  the  controlled  performance 
f  ir  the  optimally  controlled  system  when  two  different  performance  metrics  are  used. 

.'5  h/2  Problem 

One  of  the  most  common  dynamic  performance  metrics  is  the  infinite  horizon, 
tin  performance  metric: 


J  E 


(8) 


where  £'11  is  the  expectation  operator  and  R  is  a.  symmetric,  positive-definite  control 
weighting  matrix.  The  disturbance  is  specified  as  an  expected  value  of  the  outer  product 
of  the  initial  state.  In  this  case,  it  is  assumed  that  the  initial  state  comes  about  due  to 
either  static  or  impulsive  forces  applied  to  the  disturbance  inputs  of  the  system: 


5  £  !i(0).T^(n)l  = 


£  y(0)<?^(())  = 


E[q{0)qTi0)]  0 
0  0 

0  0 
0  £[9'(0)9'^(0)] 

E  [9'(0)9'^(0)] 


displacement  disturbance 
velocity  disturbance 

=  G.VQI 


(9) 


where  1'  is  Pie  expected  value  of  the  outer  product  of  the  disturbance  force  v.  It  should 
be  noted  tb.at  there  is  also  a  stochastic  formulation  of  this  performance  metric.  However, 
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Table  1:  'H2  Performance  Costs 


Ctontrol 

Type 

Disturbance  Type 

Velocity 

Displacement 

Open  Loop  or 
Heavy  Damping 

/  - 

■^opt  -  4^ 

•^°p‘  “  ^4^  •  (1  + 

Pxpcyi.tive  Control, 

r  C’rl-Vl 

Liyhi  Damping 

Jopt - pq- 

Jopt - prq 

Cheap  Control, 

,  CVI-'-'Ip’-' 

,  cVi^iv 

Light  Damping 

if  V  is  taken  to  b('  the  intensity  of  a  Gaussian  White  Noise  disturbance,  then  the  resulting 
e.nalysis  would  be  completely  analogous  to  that  for  the  velocity  disturbance. 

Notice  that  fretiuency  does  not  appear  in  the  above  disturbance  expressions.  This 
v.iis  the  chief  reason  for  including  frequency  in  the  original  definitions  for  the  disturbance 
matrices,  ;is  it  rcflect.s  the  differing  resistance  of  higher  frequency  modes  to  static  and 
ittipiilsive  forces. 

.\  well  known  result  of  optimal  control  theory,  is  that  for  an  optimally  controlled 
system  described  by  Equations  7  and  4  the  'H2  cost  is  12;; 

Jopt-tr{  PS}  (10) 

'.vi’iere  I’  i.s  tiie  s',u:;metric,  positive-definite  soiution  of: 

PA-  A^P +  C'^C- PBR-'B'^P  =  0  (11) 


lo'f  tl'.e  tvpica!  section  problem,  those  equations  can  be  solved  in  closed  form  with 
(■  t'UPrnl  i)enalty  defined  as  R  —  (3|: 


./p.. 


r2v^S^-2  -  2cj 


displacement  disturbance 


velocity  disturbance 


(12) 


I'.fjunt ion  12  is  too  complicated  to  make  any  easy  inferences  about  the  relationship  be- 
'.'.crn  fretjuency,  damping,  controllability,  disturbability,  observability  and  performance, 
ii  ..vevi'r,  the  twii  values,  (  and  /?  completely  determine  the  character  of  the  equations, 
it  i.s  illustrative  to  consider  the  asymptotic  behavior  of  the  performance  with  respect 
I  ticse  values. 

Table  1  shows  how  Equations  12  behave  for  limiting  values  of  control  effort,  0  and 
'iam.ping  ( .  The  top  row  of  this  table  shows  the  behavior  of  the  cost  as  the  control  forces 
;  <  inetfective  compared  to  the  internal  forces  of  the  damping.  In  that  case,  the 

; '  u:’  i‘  '1  terms  fP  and  p)  drop  out,  leaving  an  expression  that  represents  the  performance 
•'  ■  ill  .  uien  l'"  ’p  svstem.  The  expressions  for  both  disturbance  cases  are  very  similar 
.v, 'i:  e/,(  e;);  i.'n  of  how  damping  influences  performance.  For  damping  levels  less 

'  T  r'y  .  ii. creased  damping  improves  performance,  however,  for  larger  levels,  increased 
'1,;;:  :;mg  actuaii',  inhibit.'!  performance  for  the  displacement  disturbance.  This  reflects 
'  ‘cudericy  of  lir.wilv  damped  systems  to  recover  slowly  from  initial  displacements. 

11. e  serorai  and  third  rows  of  the  table  show  the  behavior  of  the  system  when  the 
o  ciTiil  forces  excerd  the  influence  of  the  damping.  In  that  case,  the  system  shows  two 
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Figure  2:  Beam  example  of  Milman  et.al. 


Table  2:  Results 


X 

Optimal  Des 

aj  Qj 

as 

0  0000 

.10 

.10 

.10 

0.0001 

.10 

.10 

1.59 

0.0010 

.10 

.31 

5.00 

0.0100 

0.38 

1.18 

15.72 

0.1000 

2.50 

5  48 

53.04 

0.2000 

4.57 

8.93 

81.48 

0.3000 

6.58 

12.02 

108.66 

0.4000 

8.65 

15.10 

137.97 

0.5000 

10.95 

18,56 

171,79 

0.6000 

13.77 

22.66 

213,96 

0.7000 

17.59 

28.22 

271.95 

0.8000 

24.06 

37.32 

364.60 

0.9000 

40.21 

60.07 

565.21 

0.9200 

47.49 

70.68 

644.24 

0.9400 

58.71 

87.88 

756.79 

0.9600 

79,40 

122.91 

937.62 

0.9800 

136,80 

233,95 

1307.86 

0.9900 

230.35 

402.91 

1779.25 

different  types  of  behavior  depending  on  the  level  of  control  effort.  For  low  control 
effort  (expensive  control),  the  costs  for  both  disturbance  cases  are  identical.  This  is 
because  the  low  control  is  providing  a  small  amount  of  active  damping  and  the  response 
of  the  system  takes  several  cycles  to  attenuate.  The  phase  difference  in  the  responses 
imposed  by  the  disturbance  type  has  little  effect.  For  higher  control  levels  (expensive 
control),  the  response  of  the  system  attenuates  in  only  one  or  two  cycles  and  the  phase 
flilference  becomes  more  important.  Hence  the  displacement  and  velocity  disturbances 
render  different  performance  in  the  third  row  of  the  table. 

It  is  interesting  to  note  that  the  addition  of  control  reduces  the  sensitivity  of  the 
system  Ij  observability  and  controllability  (although  the  amount  of  reduction  depends 
on  the  control  level  and  disturbance  type),  however  the  sensitivity  to  disturbability 
remains  unchanged.  This  is  because  changing  the  observability  or  controllability  changes 
the  bandwidth  of  the  controller  and  altering  the  disturbability  does  not. 

Using  the  information  contained  in  this  Table  1,  and  information  about  the  sensitivity  ■ 
of  frequency,  clamping,  controllability,  observability,  and  disturbability  to  the  design 
parameters,  a,  one  can  infer  which  of  these  quantities  should  be  adjusted  and  which 
should  be  ignored  in  designing  a  good  controlled  structure. 

•As  an  example,  consider  a  case  worked  out  by  Milman  et.al.  [1]  (Figure  2)  This  system 
consists  of  a  three  element,  cantilevered,  Bernoulli-Euler  beam  with  a  tip  actuator  and 
an  impulsive  disturbance  also  at  the  tip.  The  control  in  this  case  is  optimal  full  state 
feedback  and  the  design  variables  are  the  thicknesses  of  the  three  elements.  The  metric 
1 'iitim.ized  was  a  combination  of  a  dynamic  performance  metric  penalizing  strain  and 
.sm.et'c  energy  and  a  metric  penalizing  total  mass. 


./  AU'(q)  +  (1  —  A)  j  (r^Kr  +  Mr  +  dt 


(13) 


I  he  parameter.  A,  is  adjusted  to  obtain  different  levels  of  tradeoff  between  weight  and 
performance.  .An  important  feature  of  this  problem  is  that  the  actuator  and  the  distur¬ 
bance  are  collocated.  Examining  the  first  column  of  Table  1  reveals  that  reducing  the 
ma.gnitude  of  the  disturbability  and  increasing  the  controllability  will  both  have  favor¬ 
able  eifects  on  the  performance.  However,  the  table  also  shows  that  when  the  sensitivity 
of  •.he  disturbability.  O’,  and  controllability,  T,  to  the  design  variables  are  equal  (as  in 
tills  ( use),  then  greater  gains  can  be  attained  by  reducing  disturbability  at  the  expense 
of  ( ontrollabiiity  for  all  levels  of  control.  Table  2  confirms  this  suspicion.  For  almost 
all  values  of  A,  the  design  obtained  through  optimization  placed  the  bulk  of  the  mass  at 
tiie  tip  c'f  the  beam,  where  its  inertia  could  help  resist  any  forces  applied  to  the  tip. 
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t  Problem 

Aiiulhcr  performance  metric  in  common  use  is  the  Woo  metric: 

J  =  sup  (v[tuj)^y{—tu))  +  u(tu>)^ Ru(—iuj)j  (14) 

where  the  disturbance  in  Equation  7,  v,  is  Gaussian  White  Noise  of  unit  intensity.  It 
c;ni  be  sh.ovvn  that  when  there  is  a  minimum  positive  value,  7,  such  that  there  exists  a 
symmetric,  positive-definite  solution  to  the  equation: 


PA  *  A'^P  +  C'^C  -  P  [  - LL^ 

^2 


(15) 


Ti'.en  for  optimal  full  state  feedback  control,  the  value  of  the  performance  metric  is  the 
stiuare  of  this  limiting  value  of  7  [4], 

E'>r  the  typical  section,  it  is  possible  to  solve  for  this  7  in  closed  form: 


/  - 

'^opl  'niin 


(16) 


Ti.e  same  proportionality  to  Q'^  that  was  present  in  the  W2  case  is  also  present  in  the 
ii case.  However,  the  dependence  on  the  remaining  terms  has  an  interesting  form. 
1'.  ir  Very  expensive  control  (p  — *  00),  the  term  containing  the  controllability  drops  out 
a::i:  ihe  cost  reverts  to  the  open  loop  cost.  This  solution  implies  that  for  problems  in 
the  disturbability  is  relatively  insensitive  to  parameter  changes  ( |^  =  0),  then  a 
■struc  ture  which  was  optimized  for  open  loop  response  will  also  have  optimal  closed  loop 
fespi  esse.  In  >  ither  wcjrds,  sequential  design  of  the  structure  and  control  will  achieve  the 
saisie  result  as  simultaneous  design.  The  insensitivity  of  a  system  to  disturbability  can 
■  a  I  nr  fre<(uently  in  controlled  structure  design.  This  is  most  likely  to  happen  when  the 
distsirbance  is  not  well  known,  or  widely  distributed  and  uncorrelated.  Hence,  there  is  a 
possiiulity  that  it  may  actually  be  easier  to  design  Woo  controlled  structures  than  there 
W)  Counterparts.  However,  it  still  remains  to  be  shown  that  this  result  applies  to  higher 
'  irder  svstems. 


.'>  ( 'oneliisions  and  Future  Work 


I  he  typical  section  is  a  useful  tool  for  understanding  the  implications  of  structural 
(  haiiges  under  different  types  of  control.  The  ability  to  formulate  closed  form  solutions 
makes  it  very  easy  to  understand  the  functionality  of  the  performance  on  disturbability. 
Controllability,  observability,  frequency,  and  damping.  As  long  as  the  coupling  between 
t:io(li  s  in  a  structure  remains  light,  the  typical  section  results,  which  exactly  capture 
t !;e  !)ehavlor  of  a  single  controlled  mode,  should  be  reliable  in  higher  order  systems. 
I  lo.vrvcr  at  high  control  levels,  the  modal  coupling  becomes  more  severe  and  the  typical 
sec  tl'  n  msights  become  less  reliable.  More  work  needs  to  be  done  in  understanding  how 
co.m.plex  svstems  behave  at  high  control  levels. 
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ABSTRACT:  The  control  design  for  a  large  space  structure  using  H«  methods  is 
described.  The  plant  is  modeled  using  mass-spring  units,  from  which  the  first  69  modes 
are  kept.  Artificial  damping  is  first  added  to  the  system  using  rate  feedback  and  a 
reduced-order  model  is  obtained.  The  H*  optimization  technique  is  then  applied  to 
achieve  a  bandwidth  of  150  Hz  and  an  overall  disturbance  rejection  of  over  2400:1. 
Caveats  regarding  sensor  and  actuator  dynamics  are  put  forth  along  with  other  issues 
relevant  to  the  conwol  design  of  a  large  space  structure. 

1.  INTRODUCTION 

Studies  on  the  dynamics  and  control  of  the  large  space  structure  (LSS)  have  been 
actively  conducted  since  the  Apollo  program  [  1 1.  With  the  upcoming  launch  of  Space 
Station  Freedom  (SSF),  there  is  a  renewed  interest  in  this  area.  This  is  partially  due  to 
anticipated  experiments  that  require  SSF  modules  to  perform  maneuvers  that,  because  of  the 
flexibility  of  their  frames,  can  cause  significant  control-structure  interaction.  Furthermore, 
requirement  to  align  and  point  the  structure  with  high  precision  can  only  be  met  using  active 
control. 

Two  major  problems  (A  third  problem  is  placement  of  actuators  and  sensors,  see  12)) 
are  associated  with  the  control  of  an  LSS.  One  of  them  is  the  modeling.  High-fidelity 
mathematical  description  of  an  LSS  inevitably  leads  to  a  high-order  system  from  which,  due 
to  numerical  considerations,  a  reduced-order  model  must  be  extracted  for  control  design. 
The  question  becomes  that  of  modeling  just  enough  dynamics  to  account  for  all  motions  of 
interest  without  incurring  control  and  observation  spillovers  13|  (the  former  is  excitation  of 
uncontrolled  modes  and  the  latter  is  excitation  of  unobservable  modes).  A  typical  approach 
IS  to  use  modal  decomposition  to  incorporate  explicitly  the  desired  modes,  carry  out  the 
control  design,  and  then  perform  tests  to  validate  the  result. 

The  other  problem  is  control  design  itself.  Several  control  techniques  have  been 
applied  to  LSS.  They  include  pole-placement  14|,  modal  control  [51,  LQG  |6|,  LC?GA-TR 
(7|,  etc.  The  main  difficulty  in  this  phase  is  generation  of  a  stabilizing  feedback  control  to  a 
large-order  plant.  Although  most  of  these  approaches  have  shown  to  be  successful  in 
computer  simulations,  none  of  them  are  conclusive  as  it  is  impossible  to  test  an  LSS  in  1-g 
conditions  (the  strength  of  the  frame  is  not  sufficient  to  support  the  mass  without 
deformations).  Therefore,  in  an  effort  to  validate  the  techniques,  several  experiments  [8,9] 
are  being  carried  out  using  small-scale  space  structure. 

Past  LSS  control  design  methods  do  not  directly  address  modeling  uncertainties. 
Hoo  optimization  ( 10,1 1 )  is  a  new  control  synthesis  method  that  allows  the  designer  to  shape 
frequency  response  characteristics  of  the  plant  to  achieve  desired  performance  and,  more 
important,  robustness  to  account  for  unmodeled  dynamics.  The  objective  of  this  paper  is  to 
apply  the  Hoo  control  design  methodology  to  the  control  of  a  large  space  structure.  The  goal 
is  to  conduct  a  feasibility  study,  with  intent  to  point  out  areas  for  further  research. 

The  organization  of  the  paper  is  as  follows.  The  dynamic  model  and  the  design 
approach  are  described  first.  The  inner-loop  feedback  design  is  then  addressed,  followed  by 
model  reduction.  Next,  He  optimization  is  examined  and  simulation  results  are  shown. 
Finally,  practical  concerns  of  adding  sensor  and  actuator  dynamics  are  studied  and  additional 
comments  are  offered  as  conclusions. 

2.  GRUMMAN  LARGE  SPACE  STRUCTURE 

The  Grumman  Large  Space  Structure  (GLASS)  is  a  generic  truss  structure  intended 
for  precision  pointing  (Fig.  1).  It  is  modeled  in  NASTRAN  code  using  112  nodes 
connected  as  mass-spring  units  from  which  dynamic  modes  can  be  calculated.  The  first  69 
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modes,  ranging  from  2  Hz  to  66  Hz,  are  included  in  this  study.  The  actuators  and  rate 
sensors  are  assumed  to  be  collocated  and  situated  near  the  nodes.  Forty-eight  actuators  (and 
.sen.sors)  are  pre.sent  and  they  are  found  in  groups  of  three  (for  x-,  y-,  z-axes)  evenly 
distributed  across  GLASS  around  nodes  2,  3,  17,  20,  34,  35,  53,  56,  58,  59,  77,  80,  94, 
95,  109,  and  1 12.  Note  that  this  is  a  relatively  small  number;  a  full  set  would  consist  of 
over  336  actuators.  Two  additional  line-of-sight  (LOS)  sensors  are  located  in  the  middle  of 
GLASS  for  precision-pointing.  Random  disturbances  of  normal  distribution  are  assumed  to 
exist  at  six  distinct  nodes  (9,  26,  41,  66,  89,  and  102).  The  control  of  GLASS  is  necessary 
because  it  has  very  low  (actually  none  due  to  our  modeling)  damping  and  a  large  number  of 
resonant  modes.  As  a  result,  environmental  disturbances  can  induce  unacceptable 
vibrations.  The  design  goals  in  this  study  are  to  attenuate  LOS  error  by  a  factor  of  at  least 
2000:1  from  0  to  15  Hz  and  nominally  to  push  the  bandwidth  of  the  .system  to  150  Hz. 

3.  DESIGN  PROCEDURE 

The  design  procedure  is  to  first  add  damping  to  the  system  using  collocated  rate- 
feedback  control  ;  this  is  the  inner-loop  design.  After  the  plant  is  stabilized,  an  outer-loop 
Hoo  controller  is  added  to  reduce  LOS  error  and  to  expand  the  system  bandwidth.  This 
design  phase  is  iterated  with  simulation  runs  until  the  responses  are  satisfactory.  A 
simplified  control  system  block  diagram  is  shown  in  Fig.  2.  The  approach  used  in  this 
study  follows  closely  the  methodology  outlined  in  112). 


Fig.  1  Grumman  Large  Space  Structure 


* 


There  are  strong  reasons  for  utilizing  collocated  rate  feedback  [81.  However,  physical 
constraints  may  force  non -col located  measurements,  which  present  additional  problems. 
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Outer-loop 

controller 


Fig.  2  Control  system  block  diagram. 

For  GLASS,  there  are  138  states  (69  modes),  and  48  controls.  Due  to  collocation, 
the  number  of  outputs  is  also  48,  while  the  dimension  of  disturbance  vector  is  18.  That  is: 

*138  =  -^1 38x138*138  138x48“ 36  I SSxls'Hl 8 

y48  =  ^48x138*138  (2) 

where  x  consists  of  modified  generalized  displacement,  matrices  A,  B,  C  are  formed  from 
mass  matrix,  stiffness  matrix,  and  generalized  force,  and  T)  is  the  external  disturbance. 

These  equations  are  used  for  inner-loop  control  design.  For  outer-loop  control,  only 
actuators  at  nodes  53,  56,  58,  and  59  are  used  to  further  reduce  the  LOS  deviations,  and 
only  the  LOS  sensors  are  used  as  measurement.  That  is, 

•  _ 

*138  =  '^’.38x138*138  ®l38xl2“l2 

-*2  =  C2ji3)^X,3g  (4) 

where  B  is  the  appropriate  submatrix  of  B I ,  and  C  is  the  corresponding  submatrix  of  C. 

IV.  Inner-Loop  Control  Design 

Because  there  is  no  damping  in  our  modeling  of  GLASS,  artificial  damping  must  be 
provided  before  Hoo  control  design  can  be  applied  (since  Hoo  requires  no  poles  to  be  on  jto 
axis).  By  energy  considerations,  it  is  easy  to  see  that  any  system  described  by  positive 
semidefinite  matrix  is  guaranteed  to  be  stabilized  by  collocated  constant-gain  rate-feedback 
control  (although  this  is  not  necessarily  true  with  the  addition  of  actuator  and  sensor 
dynamics,  see  Section  VII).  Experimentation  and  extensive  simulation  led  to  the  choice  of 
feedback  gain  K  of  1400  lag.  The  time  responses  of  the  line-of-sight  sensors  due  to 
disturbances  with  the  rate-feedback  are  shown  in  Fig.  3.  Although  not  shown,  these 
responses  are  on  the  order  of  30  times  less  than  system  responses  without  the  compensation. 

V.  Model  Reduction 

After  the  system  is  stabilized,  the  order  of  the  model  must  be  reduced  so  that  the 
outer  control  loop  can  be  designed.  To  do  so,  the  singular  values  of  the  modified  plant 
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Fig.  3  LOS  responses  due  to  random  disturbances  after  rate  feedback. 

dynamics  G'(s)  =  C(sI-A)‘’B  are  plotted  (Fig.  5)  to  ascertain  the  important  dynamics  and 
the  corresponding  approximation  for  a  particular  frequency  range.  From  Fig.  5,  G'(s)  is 
divided  into  slow,  medium,  and  fast  modes,  that  is 

G'(s)  =  G's(s)  +  (i'fn(s)  +  G'f(s)  (5) 

It  can  be  seen  from  Fig.  4  that  most  of  the  dynamics  is  concentrated  in  the  medium 
frequency  range,  with  small  contributions  from  slow  and  fast  modes.  This  leads  us  to  make 
the  approximation 

G'(s)  =  G'n,(s)  +  AG’(s)  =  G'm(s)  (6) 


Coni  roller  Desiiin  I 
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This  quasi-equality  holds  as  long  as  the  modeling  error  A  is  below  the  robust 
frequency  [12],  which  is  defined  as  the  lowest  frequency  where  the  minimum  singular  value 
of  G'm(s)  is  greater  than  the  maximum  singular  value  of  AG'(s).  For  GLASS,  it  is  found 
after  some  test  that  there  are  32  slow-mode  states,  77  medium-mode  states,  and  29  fast- 
mode  states.  Seventy-seven  states  is  still  a  very  large  system  to  work  with;  therefore, 
further  model-reduction  is  necessary. 

There  are  several  model-reduction  techniques  [13,14].  The  Schur  method  for 
balanced  model  reduction  [14]  is  employed  in  this  case.  The  methodology  computes 
matrices  Vr  and  V]  containing  the  bases  for  the  right  and  left  eigenspaces  of  RQ,  where  R  is 
the  reachability  (or  controllability)  Grammian  and  Q  is  the  observability  Grammian.  This  is 
done  via  Schur  vector  decomposition  only  for  those  states  associated  with  large  Hankel 
singular  values.  The  reduced-order  model  is  then  found  by  multiplying  the  original  model  to 
the  bases  of  singular  value  decomposition  of  Vf  and  V|. 

Because  of  the  small  number  of  actuators  and  sensors  (12  for  the  outer  loop  design) 
involved  (unlike  other  reported  studies),  GLASS  is  not  strongly  controllable  or  observable. 
Consequently,  the  smallest  model  that  was  found  to  give  satisfactory  match  for  medium 
modes  is  of  the  25th-order.  The  singular  value  plot  of  the  full  (77  states)  and  reduced  (25) 
models  are  shown  in  Fig.  5. 


w,  rad/sec 

Fig.  5  Comparison  of  77-state  medium  model  and  25-state  reduced  model. 

VI.  Hoo  Control  Design 


Hoc  optimal  control  design  is  carried  out  by  formulating  the  equations  into  a  2-block 
mixed-sensitivity  Ho,  problem.  In  this  framework,  the  objective  is  to  minimize  the  inequality 
imi^  <  1 ,  where  Ibll^  =  H-infinity  norm 


T  =  closed-loop  transfer  function 


yw-,'s 

Wj’d-s) 


S  =  sensitivity  matrix  =  (I  +  G'F)"' 
F  =  Hoo  controller. 


The  optimization  technique  hinges  on  the  selection  of  the  weighting  matrix  Wj  and  W3, 
which  trades  the  performance  and  robustness  specification  in  frequency  domain,  y  is  a 
parameter  that  must  be  varied  until  the  transfer  function  T  assumes  desired  shape. 

The  reduced-order  system  must  first  be  "squared-down"  before  Hoo  methods  can  be 
applied.  That  is,  the  number  of  inputs  and  outputs  must  be  made  equal.  Since  we  have  two 
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LOS  outputs  and  12  actuators,  a  pre-compensator  P  must  be  designed.  An  easy  solution  is 
to  use  the  left  pseudo-inverse  of  the  first  Markov  parameter  (CgBs)  of  the  slow  mode 
system.  The  rationale  is  that  any  contribution  due  to  low-order  dynamics  behaves  like  a 
first-order  lag,  which  essentially  is  captured  by  the  first  Markov  parameter.  Therefore,  we 

set  P  to  be  (CsBs)*. 

The  weighting  functions  for  this  design  are  chosen  based  on  desired  bandwidth  and 
disturbance  rejection.  Weighting  matrix  Wj,  which  is  intended  to  minimize  sensitivity 
function,  is  chosen  to  be 


Wi(s)  =  rdiag(6.25e>2(5±^),6.25e>2(^^^) 


This  weighting  matrix  is  chosen  to  provide  adequate  low  and  medium  frequency  gains  that 
are  necessary  to  achieve  performance.  Weighting  matrix  W3,  which  is  used  for  robustness 
purpose,  is  chosen  to  be 


W3(s)  = 


(8) 


This  weighting  matrix  ensures  that  the  system  bandwidth  is  roughly  1000  rad/sec  or  150  Hz. 

With  these  weighting  matrices,  we  can  compute  the  Hoo-optimal  controller  F(s), 
which  is  of  the  same  order  as  the  system  (25th-order  in  this  case).  With  this  controller,  the 
LOS  error  is  further  attenuated  by  an  additional  factor  of  over  80  as  can  be  seen  in  Fig.  6, 
where  the  responses  of  the  line-of-sight  sensors  due  to  random  disturbances  are  shown  for 
the  Hoc  controller  turned  on  at  a  2  sec  mark.  Thus,  with  the  H<»  controller  we  have 
accomplished  disturbance  attenuation  and  increased  the  total  system  bandwidth  at  the  same 
time. 
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Fig.  6  System  responses  with  rate-feedback  and  H=o  controller. 

VII.  Impact  of  Actuator  and  Sensor  Dynamics 

Previous  results  were  obtained  without  considering  sensor  and  actuator  dynamics. 
However,  upon  close  examination,  they  turned  out  to  be  important  and  have  to  be  includ^. 
This  is  especially  true  for  the  inner-loop  design,  where  rate-feedback  was  used  to  provide 
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artificial  damping.  When  both  actuator  and  sensor  dynamics  are  present,  such  scheme 
actually  may  destabilize  the  system.  To  see  this,  consider  the  following  formulation: 


plant: 

sensor: 

actuator: 

Assuming 


X  =  Ax  +  Bu 
z  =  AsZ  +  Bsy 
w  =  AgW  +  BjUa 
constant  feedback,  that 


(9) 

(10) 
(11) 

is  iia  =  -Kz+L8,  we  have  as  the  closed-loop 


system 

Xc  = 


A 

u 

B 

"  X 

0 

BsC 

0 

z 

+ 

0 

L  0 

-BaK 

Aa . 

_  w  . 

L 

(12) 


It  can  be  shown  that  if  position  feedback  is  used,  the  system  described  by  Eq.  16  is 
always  unstable  regardless  of  K.  If  rate  feedback  is  used,  then  some  (but  small)  damping 
can  be  achieved  for  small  and  medium  values  of  K,  and  large  K  will  destabilize  the  system. 
Finally,  if  both  position  and  rate-feedback  is  used,  a  greater  amount  of  damping  can  be 
obtained,  but  large  values  of  K  will  still  lead  to  instability. 

A  graphical  explanation  of  the  problem  can  be  obtained  using  the  root-locus 
techniques.  Poles  and  zeros  always  interlace  along  (or  close  to)  jco-axis.  If  position 
feedback  is  used,  then  there  is  no  zero  at  origin.  If  rate  feedback  is  used,  there  is  a  zero  at 
the  origin.  And  if  both  rate  and  position  feedbacks  are  used,  the  zero  is  along  the  real-axis. 
For  simplicity,  we  assume  that  both  actuator  and  sensor  dynamics  are  of  first-order  with 
different  time  constants.  Higher-order  dynamics  will  make  the  situation  worse. 

As  the  feedback  gain  K  increases,  most  of  the  poles  go  to  the  zeros.  The  net  count 
of  poles  minus  zeros  will  determine  the  angles  of  the  asymptotes  of  "free”  poles.  If  the  zero 
at  the  origin  is  not  present  (i.e.,  position  feedback),  the  net  count  is  four  and  the  angles  are 
±45  degrees  to  the  perpendicular.  In  this  case,  two  poles  on  the  jco-axis  depart  immediately 
to  the  "ight-half  plane.  If  rate  feedback  is  employed,  the  net  count  is  three  and  the  angles  are 
60-,  i80^  and  300°.  In  this  case,  the  "free"  poles  are  pulled  toward  left-half  plane  before 
heading  back  to  right-half  plane.  When  both  rate  and  position  feedbacks  are  present,  the 
situation  is  similar,  except  the  pole  ,  are  pulled  further  into  left-half  plane  due  to  movement  of 
the  zero  which  was  r  ‘  the  origin.  The  amount  of  damping  on  all  poles  is  determined  by  how 
far  they  move  inio  left-half  plane.  This  is  dependent  on  the  original  position  of  the  poles 
and  zeros.  An  addi  ional  problem  arises  when  the  same  gain  is  used  for  all  feedback  paths. 
In  that  case,  zeros  also  move  when  the  gain  is  changed  (because  the  problem  is  no  longer 
single-input  single-output). 

TTiis  analysis  tells  us  that  constant  gain  feedback  alone  may  not  be  sufficient  to 
provide  artificial  damping  needed  to  stabilize  GLASS  when  actuator  and  sensor  dynamics 
are  present;  thus  other  means  must  be  conceived.  One  solution  is  to  use  dynamic  feedback 
to  further  redistribute  the  pole-zero  locations.  This  procedure  may  not  be  straightforward 
due  to  the  dimensions  of  the  plant  model.  Another  approach  is  to  assume  damping.  It  turns 
out  that  our  original  model  is  not  realistic  since  some  form  of  mechanical  damping  is  always 
available,  although  its  modeling  may  not  be  well-known.  Incorporation  of  this  damping 
effect  may  alleviate  the  need  to  provide  artificial  damping.  A  third  solution  is  to  add  passive 
damping.  Currently,  there  is  effort  to  further  augment  damping  of  the  LSS  using  visco¬ 
elastic  materials  and  piezoceramic  attachments  [  1 5|.  This  may  be  necessary  in  order  for  any 
of  the  active  control  strategies  to  be  successful. 


VIII.  Conclusions 


The  control  design  for  a  large  space  structure  using  H«,  methods  is  described.  The 
design  is  carried  out  by  first  stabilizing  the  .system  using  rate-feedback  as  inner-loop  control 
and  then  applying  the  Hoo  controller  as  the  outer-loop  control  to  extend  the  system  bandwidth 
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and  exert  higher  signal  attenuation  at  specific  frequency  ranges.  The  methodology  has 
shown  to  be  able  to  tradeoff  performance  versus  robustness,  something  that  most  of  the 
modem  control  techniques  lack. 

As  mentioned  in  the  main  body,  the  system  is  weakly  controllable  and  observable. 
As  a  result,  the  final  H=o  design  resembles  a  high-gain  controller.  This  is  unavoidable  given 
the  requirement  to  extend  the  bandwidth  and  at  the  same  time  achieve  desired  attenuation. 
The  situation  will  improve  as  more  actuators  and  sensors  are  added.  In  addition,  rate- 
limiting  and  control  saturation  have  been  ignored.  In  a  more  detailed  design,  their  effects  on 
the  system  stability  and  response  must  be  addressed.  The  structure  used  does  not  possess 
any  damping.  This  poses  a  great  demand  on  inner-loop  stabilization.  It  is  expected  that 
some  passive  damping  be  built  into  the  structure  to  alleviate  the  requirement.  This  will  also 
address  concerns  of  actuator  and  sensor  dynamics,  which  have  been  shown  to  be  important. 
Finally,  limited  experimentation  was  conducted  with  the  weighting  matrices.  In  a  more 
thorough  design,  they  should  be  extensively  studied  to  arrive  at  a  more  optimum  setting. 
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Influence  of  controller  gains  on  system  parameters  of  feedback  controlled 
flexible  structures 


James  A.  Fabunmi 

AEDAR  Corporation,  Landover,  MD  207X5 

ABSTRACl':  The  system  consisting  of  the  baseline  tlexible  structure  modified  b>  the 
active  controllers  is  considered.  Computer  algebra  is  used  to  derive  expressions  for  the 
system  transfer  functions,  using  the  known  transfer  functions  of  the  baseline  fle.sible 
structure  and  the  feedback  gains  of  the  active  controllers.  The  roots  of  the  characteristic 
polynomial  of  this  transfer  function  give  the  system  resonant  frequencies  and  damping 
parameters.  These  results  pennit  the  parametric  study  of  the  placement  of  the  resonant 
frequencies  and  damping  parameters  of  the  combined  system,  as  functions  of  the  feedback 
gains. 


1.  INTRODUCTION 

I'he  technology  of  active  control  of  structures  has  been  the  subject  of  considerable  research 
interest  over  the  past  decade  in  ptu-t  because  of  the  need  to  suppress  excessive  vibrations 
asstK’iated  with  the  deployment  of  large  flexible  structures  in  space  (Various  .Authors.  19X6; 
■Atluri  and  Amos  (Ed.),  1988).  The  most  popular  approach  to  the  design  of  the  active  control 
schemes  follows  the  paths  of  modern  control  theory  which  involves  t>ptimal  state-space 
feedback  control  (Vtuious  Authors,  1984,  1986;  Atluri  and  A.mos  (Ed.),  1988;  O'Donoghue 
and  Atluri,  1985;  Horner  and  Walz,  1985),  or  output  feedback  control  (Meirovitch,  1988; 
Garcia  and  Inman.  1990).  The  objective  of  this  paper  is  to  present  the  results  of  recent 
research  aimed  at  the  development  of  simple  algorithms  for  calculating  actuator  feedback 
gains,  based  on  specified  modal  characteristics  of  the  closed-loop  system. 

Techniques  based  on  computer  algebra  were  reported  by  Fabunmi  (1989),  which  pennit  the 
derivation  of  the  transfer  functions  (Laplace  transfomi  of  the  Green’s  Functions)  of  the 
system  resulting  from  the  attachment  of  di.screie  dynamic  substructures  to  a  distributetl 
ptu-ameter  base-line  structure.  It  is  assumed  that  the  algebraic  forms  of  the  transfer  function  of 
the  base-line  structure  as  well  as  those  of  the  discrete  attachments  are  known.  The 
mathematical  form  chosen  for  system  transfer  functions  pennits  the  direct  detennination  of  the 
system  parameters  as  the  complex  values  of  the  Laplace  variable  at  which  singularities  of  the 
transfer  function  occur, 
lop  I  td 
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MODELLING  OF  ACTIVE  CONTROLLER  ATTACHMENTS 


The  class  of  controllers  used  to  illustrate  the  proposed  technique  comprises  of  those  in  which 
the  output  displacements  and  velocities  at  a  discTete  number  of  locations  on  the  stnicture,  are 
linetirly  combined  to  produce  the  applied  control  forces.  The  implementation  of  the  active 
controller  design  involves  the  application  of  excitation  forces  at  some  spatial  coordinate  x  =  bj, 
which  are  proportional  to  displacements  and  velocities  measured  at  x  =  aj.  Figure  1  is  a 
schematic  representation  of  the  interconnection  of  contollers  to  the  baseline  structure. 


I  'igiii  c  1 .  Schematic  of  Interconnection  of  Linear  Feedback  Controllers  to  Distributed 
Parameter  Baseline  Structure 


For  example,  the  i'^  controller  excitation  force  could  be  written  as: 

Wj.(b,,t)  =  g,Q(a,,t)  +  h,Q(a,.t)  (1) 

where  gj  and  hj  are  the  displacement  and  velocity  feedback  gains  of  the  i'^’  controller 
respectively,  i  =  1,2,. ..L,  L  being  the  total  number  of  controllers;  w^.(x,t)  is  the  controller 
lorce,  y(x,t)  is  the  measured  displacement.  The  Laplace  transfomi  of  Equation  (1)  results  in  a 
relationship  which  is  used  to  define  the  transfer  function  of  the  i*^*^  controller  as: 

Q(a„p) 

=  g, +h,p  (2) 

riie  general  algebraic  fomi  of  the  transfer  function  of  the  baseline  distributed  system  is  taken 
to  be  (Chen.  1966;  Stakgold,  1979;  Butkovskyi,  1982.  198.4;  Keener,  1988;  Fabunmi.  1989): 

P^-Pl  J  ^ 

where  (Pok*^*  orthononnal  modal  function  for  the  baseline  structure.  Poj.  is  the 

airresponding  modal  parameter,  and  (3^1^  is  a  weighting  factor  or  generalised  mass. 


Wo(x,c^p)=£ 
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The  transfer  function  of  the  combined  system  is  given  by  the  following  integral  eqiKition 
(Butkovskyi,  1983): 

W{x,^,p)  =  |w,{x.r),p)W(rj,.5,p)dn  +  Wo(x..5,p)  (4) 

where, 

Wt(x,^,p)  =  jWo(x,  r?,p)^5(r7-b,)W„(p)<5(^-a,)dr/ 

1=1 

=  XWo(x,b„p)W„(p)5(^a,)  (5) 


3.  CALCULATION  OF  CONTROLLER  FEEDBACK  GAINS 

Consider  a  baseline  structure  with  negligible  damping,  i.e.  Po^i  =  ico^)„i  the  frei.]uencies  ;ind 
exponential  growth  rates  of  the  closed-loop  modes  are; 

-|~X{^'*>’cn,(a,)<Por„(b,)}|  -^7^(9.  <Pon,(a,)^c.,(fc>,)}  (6) 

=-^'E('^-<Pon.(aJ(por,,(b,)}  (7) 

The  damping  of  the  closed-loop  system  is  controlled  by  the  velocity  feed-back  gtiins.  whereas 
the  frequency  is  affected  by  both  the  velocity  and  displacement  feedback  gains.  If  L  vekvits 
feedback  gains  tu'e  to  be  calculated  directly  based  on  specified  values  of  the  growth  rates  of  I, 
system  modes.  Equation  (7)  provides  a  set  of  L  equations  for  the  L  dcsireil  values  of  hj.  It 
mtiy  also  be  desired  that  there  be  no  shift  in  the  frequencies  of  these  or  .some  other  L  modes. 
In  that  case,  a  set  of  L  equations  for  the  L  values  of  the  displacement  feedback  gains,  gj ,  can 
be  set  up  as  follows: 

fit  1^  1 

-{^I{b,<Pon,(a)<PoJb)}  -^5^{g.<p„„(a,)<p„„,(b,)}  =  0  (8) 

Having  obtained  the  values  of  the  velocity  and  displacement  feedback  gains  in  this  manner,  it 
is  necessary  to  check  the  exponential  growth  rates  of  the  modes  that  were  not  included  in  the 
analysis,  using  Equation  (7).  The  purpose  of  thi''  check  is  to  verify  that  there  are  tn)  modes  lor 
which  the  exponential  growth  rate  is  positive  -  an  indication  that  instability  of  that  mixic  can  Iv 
induced  by  the  controller. 
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4.  CONCLUSION 

1  his  paper  has  presented  results  of  computer-algebraic  derivations  of  the  characteristic 
ptu-timeters  of  systems  consisting  of  a  distributed  baseline  structure  and  output  feedback  linetu' 
active  controllers.  Expressions  which  show  the  explicit  dependence  of  the  system  parameters 
on  the  displacement  and  velocity  feed-back  gains  as  well  as  the  measurement  and  actuator 
ctxtrdinates  were  obtained.  These  results  can  be  applied  to  the  calculation  of  displacement  and 
velocity  feed-back  gains  based  on  requirements  that  certain  closed  loop  nuxJes  have  specified 
damping  ratios.  Because  of  the  simplicity  of  the  calculation.s  involved  in  this  process,  it 
becomes  practical  to  conceive  embedded  systems  which  permit  the  "smart''  structure  to 
readjust  its  feedback  gains  in  order  to  increase  the  damping  of  those  of  tts  modes  which  are 
most  strongly  excited  by  the  external  dynamical  forces. 
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Acoustic  waveguide  embedded  sensors  for  submarine  structures 


R.  T.  Harrold  and  Z.  N.  San j ana 

Westinghouse  Science  ft  Technology  Center,  1310  Beulah  Rd.,  Pittsburgh,  PA 
15235 

ABSTRACT:  Acoustic  waveguides  embedded  within  composite  materials  offer 
the  monitoring  of  internal  conditions  both  during  manufacture  and 
throughout  the  material  lifetime.  Consequently  these  sensors  are  now 
being  evaluated  as  part  of  a  DARPA  program  called  "Embedded  Sensors  for 
Submarine  Structures  (ES®) " . ♦  Objectives  of  this  program  include 
monitoring  and  control  of  manufacturing  processes  and  assessment  of  the 
relative  integrity  and  load  response  of  the  structure. 

In  this  paper,  the  influence  of  waveguides  on  composite  strength  is 
evaluated;  their  cure,  impact  and  strain  monitoring  performance 
assessed;  and  a  submarine  structural  monitoring  scheme  proposed. 

1.  BACKGROUND  AND  INTRODUCTION 

Acoustic  waveguides  (AWG)  are  robust  and  easy  to  use,  and  are  ideally 
suited  for  monitoring  maufacturing  processes  and  the  structural  health  of 
composites  (Harrold  and  Sanjana  (1986-1991).  These  AWG  are  typically  small 
(<0.5  mm)  diameter  rods  of  polyester-fiberglass  or  Nichrome  with  a  low 
(<0.3)  Poisson’s  ratio.  They  have  the  capability  to  transmit  soundwaves 
into  and  out  of  a  material  for  interrogation,  and  also  to  extract 
soundwaves  (vibrations  or  acoustic  emissions  (AE))  from  inside  a  material. 
A  key  feature  is  that  any  small  changes  in  the  value  of  the  acoustic 
impedance  (/7c)  ,  where  p  is  density  and  c  is  the  acoustic  wave  velocity  of 
the  medium  surrounding  an  AWG,  will  greatly  change  the  attenuation  of 
soundwaves  travelling  inside  the  AWG.  For  example,  orders  of  magnitude 
attenuation  changes  occur  during  cure  monitoring  of  materials  because  of 
large  changes  in  the  viscosity  of  the  curing  material. 


2.  WAVEGUIDE  EMBEDMENT 

Composite  panels  were  made  (within  a  heated  press  or  autoclave  and  then 
post  cured)  with  four  embedded  0.5  mm  diameter  AWG  of  Inconel  600 
(Nichrome),  Fig.  1.  A  scanning  electron  microscope  (SEM)  picture  of  a 
cross  section  through  the  laminate.  Fig.  2,  shows  good  bonding  to  the  AWG 
sensor,  but  the  large  (0.5  mm  diameter)  sensor  has  caused  severe  distension 
of  the  fiber  pattern  in  which  the  ply  thickness  is  ~0.125  mm  (~5  mil).  In 

‘This  DARPA  submarine  technology  program  which  is  managed  by  James  Kelley 
is  being  integrated  by  McDonnell  Douglas  (MCAIR) ,  St.  Louis,  Dan  King, 
Program  Manager.  Besides  Westinghouse,  other  subcontractors  are  McDonnell 
Douglas  Electronic  Systems,  Martin  Marietta  AftN,  Martin  Marietta  Labs, 
Stanford  University  and  Virginia  Polytechnic. 
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In  order  to  accommodate  the  large  ^ 
sensor,  some  plies  were  cut  in  panels 
made  later,  but  to  avoid  this  problem  it 


is  also  planned  to  use  smaller  sensors 
of  0.125  to  0.25  mm  (5  to  10  mil) 
diameter.  A  picture.  Fig.  3,  shows  a 
0.5  mm  diameter  AWG  exiting  from  a 
composite  panel  with  its  termination  £4 
bonded  to  an  acoustic  transmitter/  fe- 
receiver.  K 


3.  CURE  MONITORING 


nal-ComposH*  p*n«t  ol  41.  0-90 
of  A$4/3501.6  |raphlt»4poiy 


M.. 


eran-plM  pnpnf  •*»«>. 
with  4  omboddod  AWG. 


Usually  with  large  composite  parts, 
careful  control  of  temperature,  pressure 
and  time  are  the  criteria  used  to  ensure 
uniform  cure  and  quality.  Actual 
monitoring  of  cure  is  often  carried  out 
only  in  discrete  areas  using 
dielectrometry.  Embedded  AWG,  by  virtue 
of  acoustic  signal  attenuation,  Harrold 
and  San j ana  (1986a),  allow  an  integrated 
measure  of  the  curing  over  large  areas 
of  a  part.  The  AWG  cure  monitoring 
results  reported  here  were  obtained  when 
the  composite  was  cured  within  a  heated 
press  at  a  pressure  of  50  Ib/in^  (3.45  x 
10®  Pa)  and  temperatures  reaching  180’C 
during  a  5  hour  cycle.  A  typical  AWG 
signal  during  cure  is  shown  in  Fig.  4. 

Throughout  the  cure  cycle,  the  peak 
value  of  the  acoustic  signal  received  at 
the  far  end  of  the  AWG  (10  mil  and  20 
mil  diam.  AWG  in  separate  panels)  varies 
over  several  orders  of  magnitude.  Fig. 
5.  This  occurs  because  of  large  changes 
in  resin  acoustic  impedance  and  gelation 
(resin  transition  from  a  liquid  to  a 
rubbery-gel)  can  be  pinpointed  by  a 
minimum  value  in  the  WGD  transmitted 
signal,  and  also  by  a  change  in  acoustic 
wave  velocity  as  the  acoustic  waves 
travel  along  the  WGD/resin  interface. 
Later  in  this  program  it  is  planned  to 
examine  the  cure  at  different  depths 
within  thick  (50  mm)  graphite-epoxy 
panels . 

4.  WAVEGUIDE  TERMINATIONS 

In  order  to  improve  the  AWG  connections, 
experiments  are  being  conducted  by  using 
60*  aluminum  cones  at  the  AWG 


Fig.  S  Acouslic  AWG  of  0.5  mm  dwmWOT  NIchrom*  olitmi 
from  composite  panel  and  bonded  to  acoustic  tensor. 


terminations  to  help  match  the  small  AWG 
to  the  large  transducer.  This  gives 


Fin.  4-Tjrpjcal  AWG  signal 
recorded  during  cure  monitoring 


HvdniJvfiiiinu  Applii  (ili(in\ 
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repeatable  results  upon  reconnection  and 
also  similar  signal  transmission  levels 
in  both  directions  along  the  AWG.  With 
further  development  an  order  of  magni¬ 
tude  increase  in  AWG  signal  sensitivity 
is  anticipated  which  will  be  valuable 
when  5  mil  (125  /im)  diameter  AWG  with 
less  signal  transmission  are  evaluated. 


5.  MECHANICAL  PROPERTIES  OF  LAMINATES 
WITH  EMBEDDED  AWG  SENSORS 


T’-e  inir.l 


Fig.  5-AWG  cure  curves  for  thin  (5  mm)  epoxy-graphite 
composite  panels.  Oielectrometry  results  added  for 
comparison. 
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The  rationale  for  the  mechanical  tests 
was  to  subject  the  site  of  the  embedded 
AWG  to  the  worst  case  stress  situation 
for  any  given  test.  Key  tests  performed 
were  apparent  interlaminar  shear  (ILS) 
strength  (ASTM  D2344)  and  flexural 
strength  (FS)  (ASTM  D790)  .  The 
environments  selected  were  room 
temperature  (RT)  and  at  80‘C  after 
exposure  to  90%  relative  humidity  (RH) 
for  96  hours  at  65*C.  Tests  were 
carried  out  with  the  AWG  sensor  in 
positions  which  were  both  parallel  and 
transverse  to  the  principal  stress 
direction,  Fig.  6  (four  point  loading 
mode  for  the  FS  to  avoid  placement  of 
loading  head  directly  over  transverse 
placed  AWG) .  The  sensor  was  placed  in 
the  middle  (maximum  shear  stress  zone) 
of  the  laminate  for  the  transverse 
direction  test  in  flexure  and  also  for 
both  ILS  tests.  For  the  FS ,  in  which 
the  sensor  was  parallel  to  the  stress 
direction,  the  sensor  was  embedded  in 
the  fifth  ply  from  the  top  which  is  in 

the  region  of  maximum  compressive  stress.  For  each  test  series  on 
specimens  with  embedded  AWG,  tests  were  also  made  on  specimens  without  AWG 
and  cut  from  the  same  laminate.  The  results  of  the  ILS  (each  value  an 
average  from  three  replicates)  are  outlined  in  Taole  I  and  the  FS  tests  in 
Table  II. 


WAVEGUIDE 
/ TRANSVERSE 
TO  STRESS 


o 


IT 


Fig.  6'Arrangement  for  ILS  tests  of  graphite-epoxy 
spacimens  (~3  cm  ■  -0.5  cm  »  -0,5  cm)  both  w:;h 
and  without  embedded  Nichrome  AWG. 


The  results  show  no  significant  change  in  ILS  with  specimens  having 
embedded  AWG  sensors.  A  43%  reduction  in  FS  occurs  with  the  sensor 
transverse  to  the  stress  direction  and  the  carbon  fibers  bent  around  the 
AWG,  Fig.  2.  With  the  fibers  not  bent  around  the  AWG  the  FS  only  reduces 
~14%.  This  small  reduction  should  be  avoided  with  the  use  of  smaller 
diameter  AWG.  With  all  the  tests,  and  considering  specimens  with  and 
without  embedded  sensors,  the  results  demonstrate  the  same  (8  to  9%) 
reduction  in  strength  at  80*C  compared  with  room  temperature.  This  infers 
that  the  thermal  expansion  coefficients  of  both  the  Nichrome  AWG  and 
graphite-epoxy  composite  match  well. 

In  future  use  in  seawater  it  is  possible  that  galvanic  effects  between  the 
composite  and  embedded  Nichrome  AWG  could  influence  the  composite  strength. 
This  is  not  anticipated  to  be  a  problem,  because  in  tests  of  graphite-epoxy 
specimens  with  embedded  Nichrome  AWG  in  boiling  simulated  seawater  for  10 
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Table  l-Apparent  Interlaminar  Shear 
Strength  Testing  of  Laminate 
(ASTM  2344) 


Table  il-Flexural  Strength  and  Modulus 
Testing  of  Laminates  (ASTM  D790): 
Specimen  25.4  cm  x  0.5  cm  *  1.27  cm 


Specimen 

Shear 

Strength  (RT) 
GPa(lisi) 

Sheaf 

Strength  (SO^C) 
GPa  (ksi) 

Flexural 
Strength' (RT) 
GPa  (ksi) 

Flexural 
Modulus  (RT) 
GPa(Msi) 

Flexural 

Strength  (80“C) 
GPa  (ksi) 

Flexural 

Modulus  (80°C) 
GPa  (Msi) 

Control  (Without  Sensor) 

0.06  (8.65) 

0.056  (8.09) 

0.83  (120.9) 

58.7(8.5) 

0.71  (102.4) 

62  (9.0) 

Sensor  Parallel 

0.054  (7.89} 

0.054  (7.89) 

0.4(107) 

58.7(8.5) 

0.71  (102.8) 

60.6  (8.8) 

Sensor  Transverse 

0.06  (8.72) 

0.051  (7.42) 

0.47  (68.8) 

69(10.0) 

0.37(53) 

69(10) 

Sensor  Transverse  _ 

{Carbon  Fibers  Not 

Ber^t  Atouf^d  Sensor) 

- 

0.73(104.3) 

66.2(9.6) 

0.66  (95.8) 

65.6(9.5} 

mutes,  erratically  varying 

potential 

differences  of 

only  20  to 

60  mV  were 

measured  between  the  AWG  and  composite.  At  80*C  this  voltage  was  less  than 
2  mV,  and  at  room  temperature  no  voltage  was  measured.  However,  it  was 
observed  that  the  edges  of  the  composite  above  the  water  level  became 
encrusted  with  salt,  whether  or  not  a  waveguide  was  embedded. 


6.  RESPONSE  OF  EMBEDDED  ACOUSTIC  AWG  TO  LAMINATE  STRAIN 

A  four  point  strain  test  was  carried  out  on  a  carbon-epoxy  specimen  (~2.5 
cm  X  ~32  cm  x  ~0.5  cm)  with  a  0.5  mm  (20  mil)  diameter  Nichrome  AWG 
embedded  between  the  5th  and  6th  plies  below  the  surface  (in  a  region  of 
maximum  compressive  stress  during  the  test) .  As  the  specimen  was  strained 
with  a  load  up  to  79.4  kgm  (175  lbs)  measurements  of  acoustic  signals 
transmitted  through  the  AWG  were  recorded  for  comparison  with  simultaneous 
measurements  from  conventional  strain  gauges  bonded  to  the  specimen 
surface.  At  the  maximum  load,  the  specimen  deflection  was  ~4.5  mm  (180 
mils),  the  strain  approximately  2100  microstrain  (//in/in),  and  the  bending 
stress  21.4  MPa  (3100  Ib/in*) .  This  test  was  repeated  with  the  specimen 
turned  over  so  that  the  AWG  was  located  near  the  bottom  surface  (in  a 
region  of  maximum  tensile  stress) ,  and  another  test  was  carried  out  using  a 
new  specimen  with  the  AWG  located  in  the  center  (a  site  of  zero  stress 
during  the  strain  test).  The  results,  in  the  form  of  AWG  transmitted 
signals  in  mV  at  67  kHz,  are  plotted  versus  microstrain  {p  in/in)  in  Fig. 

7.  These  curves  clearly  show  that  the  AWG  transmitted  signals  reduce  as 
strain  increases  for  the  AWG  embedded  near  the  specimen  upper  surface 
(compression),  and  lower  surface  (tension),  and  does  not  change 
significantly  for  the  AWG  embedded  in  the  specimen  center  (zero  strain). 
The  different  acoustic  signal  levels  are  due  to  losses  at  the  AWG 
terminations  and  are  not  related  to  the  AWG  locations. 


7.  RESPONSE  OF  EMBEDDED  0.125  mm  (5  MIL)  DIAMETER  INCONEL  600  (NICHROME) 
ACOUSTIC  WAVEGUIDE  TO  IMPACT  ON  SURFACE  OF  GRAPHITE -EPOXY  COMPOSITE  PANEL 

The  first  composite  panel  has  been  made  with  0.125  mm  (5  mil)  AWG  and 
important  issues  with  the  smaller  AWG  are  the  sensitivity  to  impact  and 
sonic  ranging  capability,  and  some  preliminary  investigations  have  been 
carried  out  in  these  areas.  It  was  found  that  the  impact  of  a  salt  grain 
(~0. 000075  gm)  dropped  from  a  height  of  25  cm  onto  the  panel  surface  could 
be  sensed  via  the  small  diameter  waveguide.  Compared  with  previous  data, 
Harrold  and  Sanjana  (1986a),  obtained  using  larger  diameter  AWG,  the  trend 
with  increasing  impact  is  similar,  and  the  impact  signal  is  approximately 
proportional  to  the  square  of  the  AWG  diameter. 
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Fig.  7  AWG  signals  versus  strain  for  four  point 
strain  test  on  epoxy  graphite  specimens. 


8.  TRANSIENT  TIME  METHOD  (SONIC 
RANGING)  FOR  LOCATING  IMPACT  SITE  ON 
SURFACE  OF  GRAPHITE-EPOXY  COMPOSITE 

Sonic  ranging  techniques  will  be  useful 
for  locating  both  impact  sites  and 
highly  stressed  regions  within  submarine 
hulls  which  generate  acoustic  emissions 
(AE) .  Longitudinal  acoustic  waves  from 
these  events  could  reach  the  acoustic 
sensors  at  the  AWG  terminations  by 
different  paths  and  at  different 
velocities.  For  example,  at  a  velocity 
of  ~7500  m/sec  within  graphite  to  the 
nearest  implanted  AWG  or  nearest 
waveguide  exit  and  then  through  this 
waveguide  at  ~4500  m/sec  to  reach  the 
termination.  In  addition,  a  possible 
longitudinal  wave  velocity  is  ~5000 
m/sec,  which  would  be  the  average  of 
7500  m/sec  for  graphite,  and  ~2500  m/sec 


for  epoxy.  Also,  shear  waves  and  surface  waves  with  different  velocities 


will  be  present. 


Typical  transient  signals  recorded  at  AWG  terminations  and  triggered  by  the 
first  arriving  signal  are  illustrated  in  Fig.  8.  The  impact  site  was  near 
one  corner  of  the  panel  and  the  signal,  Fig.  8,  indicating  50  psec  transit 

time  was  recorded  at  the  AWG  termination 
in  the  opposite  corner.  This  agrees 
with  the  value  which  can  be  calculated 
based  on  the  wave  velocity  in  graphite 
and  distance  traveled.  It  should  also 
be  noted  that  the  signal  frequency  is 
~60  kHz  and  it  is  modulated  at  ~8  kHz, 
which  is  the  panel  resonant  frequency 
based  on  an  average  velocity  of  ~5000 
m/sec  for  graphite-epoxy. 

9.  ACOUSTIC  WAVEGUIDE  OPERATING  MODES 

Fig.  S-Typical  transiant  signal  recorded  at  5  mil 

Nichrome  AWG  termination  due  to  surface  impact.  Embedded  AWG  are  Versatile  and  can  be 

135  mgm  Steel  ball  dropped  from  25  cms.  used  in  three  useful  operating  modes. 

Firstly,  in  the  transmit/receive  mode  either  along  individual  AWG  or 
between  distant  AWG,  for  cure  monitoring  (Fig.  5),  strain  monitoring  (Fig. 
7)  or  composite  quality  measurement.  The  next  important  operating  mode  is 
receive  only,  for  impact  measurement  (Fig.  8)  and  eventual  damage  location 
by  sonic  ranging.  The  third  useful  operating  mode  is  transmit/receive  and 
simultaneous  impact.  Stress  waves  from  the  impact  modulate  the  original 
transmitted  wave.  This  mode  provides  another  method  for  sensing  impact  on 
a  panel  surface  and  locating  the  impact  site. 


10.  EMBEDDED  ACOUSTIC  WAVEGUIDE  SENSING  CONCEPT  FOR  SUBMARINE  STRUCTURE 

In  the  sensing  concept.  Fig.  9,  AWG  would  be  embedded  within  the  hull  in  a 
hoop-like  fashion  every  15  meters  (~50  feet).  During  submarine  operation, 
the  hull  stresses,  strain  and  sounds  from  possible  microcracks  would  be 
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Fig.  9*Smaft  structure  with  embedded  acoustic 
waveguide  array  tor  submarine  NOE  and  diagnostics. 

implantation,  an  important  consideration  w 
requirements  throughout  the  submarine  lifetime. 


monitored  via  the  AWG 
terminations.  This 
information  would  be 
available  both  locally,  via 
a  visual  display  (LED-type 
of  oscilloscope,  Uims 
(1979)),  and  remotely  at  a 
central  NDE  and  diagnostic 
center  after  transmission 
via  a  fiber  optic  data 
transmission  link.  The 
basic  AWG  sensors  can  be 
modified  by  adding  special 
coatings  to  also  monitor 
other  phenomena  such  as 
temperature  and  radiation. 
Consequently,  before 
ill  be  future  monitoring 


11.  SUMMARY 

Mechanical  tests  on  graphite-epoxy  composite  specimens  with  large  (0.5  mm) 
diameter  Nichrome  AWG  embedded  show  only  a  '*1455  strength  reduction  under 
the  worst  case  stress  conditions  which  should  be  eliminated  with  the  use  of 
smaller,  0.125  to  0.250  mm  diameter  AWG.  The  mechanical  tests  at  80*C 
reveal  no  problems  with  the  large  diameter  embedded  AWG,  which  infers  that 
the  thermal  expansion  characteristics  of  Nichrome  and  graphite-epoxy  match 
well.  Galvanic  effects  between  graphite  and  Nichrome  have  been  shown  to  be 
minimal  and  problems  are  not  anticipated.  It  has  been  shown  that  AWG 
embedded  sensors  are  valuable  for  cure  monitoring  of  graphite-epoxy 
composites  during  manufacture  and  on  completed  specimens,  proof  of 
principle  tests  have  demonstrated  strain  monitoring,  impact  sensing  and 
location.  Three  operational  modes  have  been  identified  for  the  AWG 
sensors.  In  addition,  for  large  area  cure  and  condition  monitoring, 
acoustic  waves  can  be  transmitted  between  distant  AWG.  Anticipated  related 
benefits  of  embedded  metallic  AWG  are  lightning  protection  and  EMI 
shielding  via  improved  conductivity  within  the  composite,  and  resistive 
heating  to  improve  the  curing  process  or  for  deicing  in  service.  As  this 
developmental  program  proceeds  it  is  planned  to  determine  the  performance 
of  smaller  (0.125  to  0.250  mm)  diameter  embedded  AWG  sensors,  monitor  the 
cure  of  thick  (50  mm)  panels,  optimize  the  AWG  terminations,  and 
investigate  impact  damage  sensing  and  location. 

12.  ACKNOWLEDGMENT 

Ed  Diaz  of  (W)  STC  for  mechanical  test  expertise  and  facilities 


13.  REFERENCES 

Harrold  and  San j ana  1986a  J.  Polym.  Sci.  26  5 
Harrold  1986b  U.S.  Pat.  4,590,803 

Harrold  and  San j ana  1991  Rev.  Prog.  Quan.  NDE  lOB,  ed.  D.  0.  Thompson, 
D.  E.  Chimenti  (New  York: Plenum)  pp.  1267-1272. 

Mims  1979  Popular  Electronics 


Paper  prvseuteci  ui  the  ADPA  AlA  A  AS\fl.  SPIE  Conf.  i/n 
Active  Materials  ami  Adaptive  Structures  Session 


Surface  impedance  modification  of  plates  in  a  water-tilled  waveguide 


P  S  Dubbelday 

Naval  Research  Laboratory,  Underwater  Sound  Reference  Detachment, 
P.O.Box  568337,  Orlando  FI  32856-8337 

ABSTRACT;  The  interaction  of  parallel  waves,  propagating  in  a  water- 
filled  cylindrical  waveguide,  with  a  plate  perpendicular  to  its  axis 
is  determined  by  the  plate’s  specific  acoustic  impedance,  the 
product  of  density  and  wave  speed.  By  means  of  an  attached 
piezoelectric  disk-shaped  double  transducer,  (sensor  and  actuator)  , 
the  apparent  surface  impedance  of  the  plate  is  modified  to  equal  the 
impedance  of  the  medium,  thus  establishing  a  no-reflection 
situation.  The  actuator  voltage  is  regulated  by  a  feedback  loop, 
based  on  an  algorithm  for  complex-root  finding. 


1.  INTRODUCTION 

In  this  investigation,  plane  waves  propagate  in  a  cylindrical 
waveguide,  and  interact  with  a  disk-shaped  plate  with  specific  acoustic 
impedance  where  is  the  density  and  c^  the  dilatational  wave 
speed  in  the  plate  material.  In  a  previous  study  (Dubbelday  and  Homer 
1991),  it  was  shown  that  by  attaching  a  layer  of  piszoelectric  material 
(actuator)  to  the  plate,  one  can  establish  a  condition  of  no¬ 
transmission  through  the  plate,  by  regulating  the  voltage  of  the 
actuator  through  a  feedback  loop  that  reduces  the  voltage  output  of  a 
sensor,  placed  behind  the  plate,  to  zero.  The  feedback  loop  was  closed 
by  a  computer  that  performs  its  task  by  means  of  an  algorithm  from 
complex-root-finding  concepts. 

To  establish  a  no-reflection  condition,  one  needs  two  items  of 
information  to  drive  the  actuator,  in  order  to  distinguish  the  incoming 
wave  from  the  reflected  wave.  These  could  be  derived  from  two  pressure 
transducers,  or  one  pressure  transducer  and  one  velocity  transducer. 
In  the  analysis  presented  here  it  is  shown  that  one  may  establish  a  no¬ 
reflection  condition  by  means  of  two  active  layers  attached  to  the 
plate.  The  voltage  of  one  of  these,  the  actuator,  is  governed  by  a 
feedback  loop,  based  on  the  same  algorithm  as  referred  to  above,  that 
uses  the  voltage  signal  from  the  other  layer,  the  sensor. 
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WAVEGUIDE  AND  TRANSDUCERS 

A  sketch  of  the  waveguide  used  in  this 
experiment  is  shown  in  Figure  1.  This 
is  an  NRL-USRD  (Naval  Research 
Laboratory,  Underwater  Sound  Reference 
Detachment)  type  G19  calibrator  (Naval 
Research  Laboratory  1982)  .  A  plane 
wave  is  created  in  the  water-filled 
tube  by  a  coil-driven  piston  in  the 
bottom. 

The  double  transducer  is  constructed 
from  two  layers  of  active  material, 
each  3.3  mm  thick.  The  active  material  dhmhc  cou. 

is  NTK  Piezorubber,  PR-306. 

(Piezorubber  is  a  trademark  of  NTK  pig.  i.  Experimental  arrange- 
Technical  Division,  NGK  Spark  Plug  Co.,  ment  in  G19  calibrator. 
Nagoya,  Japan.)  It  consists  of  PbTiOg 

particles  embedded  in  a  neoprene  elastomer  matrix.  The  center 
electrode  is  common  to  both  transducer  disks,  and  is  kept  at  ground 
potential.  The  shields  of  the  transducers  and  the  shields  of  the 
coaxial  cables  are  electrically  connected  together  and  to  ground.  The 
polarization  of  the  two  transducers  is  antiparallel. 


ANALYSIS  OF  DOUBLE  TRANSDUCER 

It  is  assumed  that  the  operation  of 
the  two  transducers,  attached  to  the 
plate,  may  be  adequately  described 
by  a  model  sketched  in  Figure  2. 
The  second  subscript  indicates  the 
transducer,  1  for  the  actuator,  and 
2  for  the  sensor. 

The  basic  equations  are  derived  in 
Auld  (1973)  in  the  thin-disk 
approximation,  for  which  the  lateral 
dimension  is  much  larger  than  the 
thickness.  They  form  a  set  of  six 
linear  relations  between  the  four 


SENSOR  actuator  “LATE 


Fig.  2.  Interaction  of  incoming 
wave  with  plate  and  double 
transducer . 


surface  forces  per  unit  of  area  f..  and  the  four  surface  velocities  v. . 

ij  li 

(where  i,j  =  1,2),  the  two  voltages  Vj  and  Vg  for  the  actuator  and 

sensor,  respectively,  and  the  current  density  Jj^  in  the  actuator.  It 

is  assumed  that  the  sensor  does  not  draw  current.  For  the  sake  of 


better  insight  into  the  analysis  it  is  assumed  that  the  actuator  and 
sensor  consist  of  the  same  material,  and  have  identical  dimensions.  Of 
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course  this  assumption  is  not  essential  to  the  principle  of  the  method. 
Lafleur  et  al  (1991)  f.ive  relations  for  the  case  where  the  two  layers 
are  not  identical. 

At  the  interface  between  the  transducers  one  has  the  conditions  1^2  " 
f^j^  =  0  and  +  V22  =  0i  thus  there  is  a  total  of  eight  equations  for 
the  eight  unknowns.  In  the  experiment,  the  quantity  is  set,  and  the 
quantities  and  can  be  measured.  Thus,  in  principle,  one  can 
express  the  eight  unknowns  in  terms  of  these  obse'^vable  quantities. 
When  the  algebra  is  carried  out  one  finds  the  physically  plausible 
result  that  the  current  density  is  m’’  oly  determined  by  the  specific 
capacity  of  the  transducer,  and  only  a  small  fraction  of  Jj  plays  a 
part  in  the  computation,  thus  posing  impossible  demands  on  the  accuracy 
of  the  current  measurement. 


Therefore  a  different  approach  is  followed.  Without  any  voltage 
impressed  on  •’he  actuator  and  its  terminals  not  connected,  one  observes 
tflo  voltages  V^q  and  ^20'  Since  the  current  density  is  now  "known", 
being  equal  to  zero,  it  is  possible  to  express  the  eight  forces  and 
velocities  in  terms  of  the  voltages  and  V2Q. 


From  these  expressions  one  may  infer  the  impedance  to  the  wave  at  the 
interface  between  actuator  and  plate,  z  =  -  f22  /  ^21'  this 
experimentally  determined  value  of  z  ,  one  may  solve  the  original 
equations  for  fj^2  '^12’  terms  of  fhe 


the  observed  sensor  voltage  V, 


in  terms  of  the  set  actuator  voltage  ,  and 


2' 


It  is  assumed  that  z  stays  constant  for  a  sufliciently  long  time,  to 

establish  the  zero  condition  for  the  function  w  -  fj^2  “  ^^12’ 

z^  is  the  desired  impedance  ~f  the  sensor  surface  to  the  incoming  wave. 

For  the  no-ref lection  condition  z.  =  p  c  ,  the  specific  acoustic 

1  '^o  o’  r 

impedance  of  the  medium. 


FEEDBACK  ARRANGEMENT 


The  establishment  of  the  desired  input  impedance  of  the  plate- 
transducer  combination  amounts  mathematically  to  finding  the  zero  of 
the  function  w.  The  right-hand  side  may  be  considered  as  a  composite 
function  of  the  voltage  impressed  on  the  actuator  (considered  as  the 
independent  complex  variable  z)  .  Both  f  j^2  ''12  determined  in 
terms  of  and  by  solution  of  the  basic  equations,  as  sketched 
above.  The  observed  sensor  voltage  V2  is  a  function  of  through  the 
physical  setup.  Thus  a  complex  function  w  =  f(z)  is  identified,  partly 
defined  by  mathematical  expressions  and  partly  by  the  experimental 
arrangement.  This  function  does  not  have  to  be  linear,  but  it  should 
be  analytic.  Mathematically  the  problem  reduces  to  finding  the  root(s) 
of  the  analytic  complex  function  f.  From  the  various  methods  for  root¬ 
finding  available,  the  secant  method  proved  quite  successful,  becausa 
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the  function  is  almost  linear,  and  may  be  supposed  to  have  only  one 
root . 


In  the  present  study  of  no-reflection,  whereby  the  impedance  is  set 
equal  to  the  impedance  pc  of  the  watercolumn,  the  root-finding 
algorithm  worked  as  well  as  before.  The  desired  status  of  a  traveling 
wave  between  piston  and  plate  was  not  established,  however.  A 
comparison  was  made  between  the  values  computed  for  the  stress  and 
velocity  at  the  sensor  separately  and  values  measured  by  a  miniature 
hydrophone  near  the  sensor  and  an  accelerometer  mounted  on  the  sensor, 
respectively.  The  agreement  for  pressure  was  reasonably  good.  Figure 
3,  but  not  so  for  the  velocity.  Figure  4.  Various  causes  were 
investigated,  but  thus  far  no  solution  has  been  found. 


■  0 

rPEOUfNC’^  '«Mz) 


0  OOIL- 


PPCQUENCY  >H!! 


Fig.  3.  Comparison  of  pressure 
from  double  transducer  (solid) 
with  measurement  by  hydrophone 
(dashed)  . 


Fig.  4.  Comparison  of  velocity 
from  double  transducer  (solid) 
with  measurement  by  accelero¬ 
meter  (dashed) . 


ACKNOWLEDGEMENTS 

The  author  wishes  to  express  his  thanks  to  Mr.  Robert  Voor  for  his 
assistance  with  the  measurements  and  computer  programming.  This  work 
was  supported  by  the  Office  of  Naval  Research. 

PJIFERENCES 

Auld  B  A  1973  Acoustic  Fields  and  Waves  in  Solids  (New  York:  Wiley)  I 
p  330 

Dubbelday  P  S  and  Homer  R  1991  J.  Intell.  Mater.  Syst.  Struct.  2  129 

Lafleur  L  D  Shields  F  D  and  Hendrix  J  E  1991  J.  Acoust.  Soc.  Am.  90 
1230 

Naval  Research  Laboratory  USRD  Orlando  FL  1982,  Underwater  Electro¬ 
acoustic  Standard  Transducers  Catalog,  pp  73-77 


455 


}\ipc>'  prcscnU'd  lU  ihc  A/A  A  AS\/I:  -S/V/.  (  on/  on 

Ai  !i\c  Miili-nals  omi  Adnpiivi  Sirut  inn  ^  SiW/on 


Shape  memory  alloy  articulafed  (SMAART)  control  surfaces 


Charles  H.  Beauchamp,  Richard  H.  Nadolink,  and  Laurence  M.  Dean 

Naval  Underwater  Systems  Center  (NUSC),  Newport,  Rhode  Island 

ABSTRACT;  The  SMAART  concept  is  a  variable  camber  (articulated)  foil  which  is 
actuated  by  shape  memory  alloy  wires  to  control  flight  of  hydrodynamic  or  aerodynamic- 
vehicles.  An  operational  model  of  a  SMAART  control  surface  was  fabricated  and 
demonstrated  in  a  water  tunnel.  Lift  measurements  in  the  water  tunnel  indicated  that  the 
articulated  foil  produces  40%  higher  lift  (turning)  force  than  rigid  foils  at  angle  of  attack. 
Flow  visualization  showed  that  the  wake  behind  an  aniculated  foil  was  a  factor  of  3 
smaller  than  the  rigid  foil  at  equivalent  lift. 


1.  BACKGROUND 

Numerous  naval  vehicles  employ  conventional  NACA  rigid  foils  which  are  rotated  at  an  angle 
of  attack  (AOA)  to  control  flight  path.  U  is  known  that  uncambered  foils  sep-arate  at  relatively 
smtill  angles  of  attack.  This  limits  the  lift  ctxflTicient  that  can  be  obtained  and  disturbs  the  flow 
entering  a  down.stream  propulsor.  SMAART  control  surfaces  are  a  viable  method  of 
developing  flexible  control  surfaces  with  variable  camber  and  AOA.  The  SMAART  foil 
prtxluces  a  larger  lift  coefficient  at  a  given  AOA  than  the  equivalent  rigid  foil.  This  results  in 
less  sep.aration  and  smaller  resultant  wakes  at  equivalent  lifts. 

The  origin  of  the  SMAART  concept  came  from  biological  stnicturcs  which  have  aniculated 
bone  or  flexible  canilage  stnictures  which  tu-e  actuated  by  contracting  muscle  fibers  contained 
within  a  pliable  skin.  The  original  SMAART  concept  used  a  hinged  aluminum  stnicture  which 
was  actuated  by  contracting  shape  nicmory  alloy  (SMA)  wires.  The  structure  and  wires  were 
covered  by  a  pliable  elastomer  skin  to  produce  a  flexible  foil  shape.  Later  variations  of  the 
concept  replaced  the  hinged  structure  with  a  spring  steel  back  bone  and  move  the  actuating 
SMA  wire  outside  the  foil.  All  of  these  variations  have  potential  applications  to  aircraft  or 
mtirine  vehicles.  This  technology  is  covered  by  patents  by  Crosswell  (1976),  Cincotta  and 
Nadolink  (1990).  Beauchamp,  et.  al.  (1991 ). 

The  objective  of  the  work  describe  in  this  paper  was  to  develop  an  operational  model  of  the 
SMAART  control  surfaces  concept  and  to  dcmon.strate  its  hydrodynamic  (rerfomiance 
improvements  relative  to  an  equivalent  rigid  control  surface. 

2.  APPROACH 

A  typical  rigid  undersvater  vehicle  control  fin  was  selected  as  the  baseline  for  this  study.  The 
fin  shape  was  a  low-  aspect  ratio  swept  wing  with  a  tip  winglet.  A  NACA  0012  foil  section 

I'l'L  top  |>uhli,huit’  I  td 
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was  used  over  its  entire  span.  Prior  to  the  experimental  work  the  performance  of  a  rigid 
NACA  0012  foil  was  compared  to  an  articulated  NACA  0012  foil  using  a  two  dimensional 
potential  flow  and  boundary  layer  codes  from  Gentry  and  Warzan  (1976).  The  codes  were 
used  to  predict  lift,  drag  and  separation  on  each  foil  as  a  function  of  AOA. 

An  operational  SMAART  model  with  shape  equivalent  to  the  baseline  fin  was  fabricated. 

Both  the  rigid  baseline  and  the  tuliculated  fin  models  were  tested  in  the  NUSC  Research  Water 
Tunnel.  This  tunnel  is  capable  of  flow  up  to  30  ft/sec  through  a  12-inch  square  test  section. 
Flow  visualization  techniques  were  used  to  investigate  the  separation  on  the  models  as  a 
function  of  AOA.  Both  models  were  also  mounted  on  a  force  balance  in  the  water  tunnel  to 
measure  lift,  drag,  and  torque  as  a  function  of  AOA  and  speed. 

3.  RESULTS 

3. 1  Actuator  Mechanism 

Three  actuator  concepts  were  developed.  The  first  two  used  hinged  structures  which  were 
actuated  by  SMA  wires.  Operational  actuators  were  fabricated  and  tested  for  these  earlier 
concepts.  With  some  further  development  these  actuators  have  potential  for  some  control 
surt'ace  applications.  However,  it  was  determined  that  complete  operational  control  surfaces 
could  not  be  fabricated  within  time  and  cost  constraints  of  this  demonstration  project  using 
these  earlier  actuators. 

The  third  actuator  concept  (shown  in  figure  1 )  was  used  for  demonstrating  a  SMAART  control 
fin.  Ir  this  concept  the  SMA  wires  w'ere  loca.ted  outside  the  foil  shape  and  the  hinged 
structure  was  replaced  with  a  flexible  spnng  steel  backbone.  The  foil  .shape  was  fomred  by 
molding  elastomer  over  stiff  leading  edge  and  trailing  edge  plates  which  were  joined  by  the 
spring  backbone.  The  model  was  aniculated  by  fixing  the  leading  edge  and  applying  a  force 
to  the  trailing  edge  (via  SMA  wires)  to  bend  the  spring-back.  This  simultaneously  applied 
both  camber  and  AOA  to  the  fin. 

The  actuator  employed  two  sets  of  SMA  wires  which  were  attached  to  opposite  sides  of  a  post 
extending  below  the  trailing  edge  of  the  foil.  The  wires  were  wrapped  around  a  series  of 
pulleys  to  a  temiinal  post.  An  electrical  voltage  was  applied  to  one  set  of  SMA  wires  to  heat 
them  above  a  cntical  temperature  at  which  a  crystal  phase  change  caused  them  to  contract  and 
pull  the  trailing  edge  of  the  foil.  SMA  technology  is  described  by  Duerig  and  Melton  (1989). 
Upon  removal  of  the  voltage  the  wires  were  ctxtled  by  ambient  fluid  and  the  spring  backbone 
returned  the  foil  to  the  uncambered  position.  Actuation  in  the  opposite  direction  was 
accomplished  by  applying  voltage  to  the  opposing  set  of  wires. 

Ltxating  the  wires  outside  the  foil  had  two  major  advantages  over  the  internal  actuator 
concepts.  First,  a  higher  mechanical  advantage  was  obtainable  resulting  in  fewer  SMA  wires 
and  lower  power  to  actuate  the  foil  against  the  equivalent  hydrodynamic  forces.  Secondly, 
there  w  as  no  constraint  on  the  wire  length  resulting  in  less  severe  constraints  on  the  AOA  that 
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Cold  SMA  Wire 


Fig.  1  Shape  Memory  Alloy  Actuator 

could  be  obtained.  The  spring  backbone  had  the  advantage  over  the  hinged  structure  of 
providing  continuous  curvature  in  the  foils  camber  resulting  in  smoother  more  efficient 
hydrodynamic  shapes. 

This  SMAART  model  was  tested  in  the  water  tunnel  and  the  following  performance  was 
obtained.  Actuation  up  to  a  7°  AOA  with  the  associated  camber  was  obtained.  Slew  rates 
exceeding  7  °/sec  were  obtained  in  both  heating  and  cooling  modes  on  the  SMA  wires.  The 
SMA  wires  were  successfully  electrically  insulated  so  that  they  were  cooled  direct  by  contact 
with  ambient  water.  Power  requirements  for  full  (7°)  actuations  at  maximum  slew  rate  was 
1..5  kw  with  up  to  3  ft/.sec  of  water  flow.  Note  that  1. 3  kw  was  the  limit  of  the  power 
supply.  Above  flow  speeds  of  3  ft/sec  the  angle  of  the  maximum  actuation  dimini.shes  until  at 
7  ft/sec  the  maximum  actuation  was  less  than  4  degree.  It  is  believed  that  this  decrease  in 
maximum  angle  was  due  to  increased  cooling  from  increa.sed  flow  over  the  wires  resulting  in 
insufficient  power  to  completely  heat  the  SMA  wires  above  the  critical  temperature.  Force 
measurements  indicate  that  the  actuator  which  was  built  should  have  been  able  to  produce 
seven  degrees  of  actuation  at  flow  speeds  in  excess  of  15  ft/sec. 

Actuator  force  limitations  could  have  been  increased  by  adding  additional  SMA  wires.  AO.A 
limitations  could  be  extended  by  increasing  the  length  of  the  wires.  Slew  rates  in  heating 
mode  could  be  increased  by  increasing  the  instantaneous  power.  Slew  rates  in  cooling  mode 
could  be  increased  by  increasing  the  fluid  flow  rate  over  the  wires  by  cither  active  or  passive 
means.  By  controlling  ambient  flow  over  the  wires  it  would  be  possible  to  control  cooling 
rate  and  minimized  power  requirements  during  the  heating  mode. 
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3.2  Hydrodynamic  Analysis 

Figure  2a  shows  the  predicted  lift  vs.  AOA  for  both  the  unctuiibered  and  articulated  foils.  The 
lift  coefficient,  Cl,  is  defined  as  Cl  =  Fl  /  1/2  pV-A  were  Fl  is  the  lift,  p  is  the  density  of  the 
water,  V  is  the  velocity  of  the  flow,  and  A  is  the  area  of  the  wing.  The  rigid  foil  reaches  a 
mxximum  lift  coefficient  of  approximately  1.5  at  approximately  15°  AOA.  The  articulated  foils 
obtained  a  lift  coefficient  of  2.0  at  an  AOA  of  10°.  This  two  dimensional  analysis  showed 
that  the  cambered  fin  produce  twice  the  lift  of  the  rigid  fin  at  the  same  AOA. 

TTie  analysis  indicates  that  at  15°  the  rigid  foil  has  35%  .separation  and  at  20°  it  has  95% 
separation.  Data  from  Abbott  and  von  Doenl  loff  (1959)  indicates  lift  coefficient  on  the  rigid 
foil  drops  off  at  AOA  larger  than  16°.  This  is  apparently  due  to  the  large  degree  of  separation 
on  the  foil.  Analysis  shows  that  at  AOA  of  10°  the  articulated  foil  has  only  reached  25% 
separation.  AOA  was  used  to  relate  %  scptiration  to  lift  coefficient  as  show  in  figure  2b. 

The  tmalysis  predicts  that  at  a  lift  coefficient  of  1.5  the  luniculated  foils  produce  less  than  1/2 
the  sepiu'ation  of  the  rigid  foil. 


a)  Lift  Coefficient  Versus  b)  Separation  Versus  Lift  Coefficient 

Angle  of  Attack 

Fig.  2  Two  Dimensional  Analysis 

3.3  Lift  Measurements 

The  force  measurements  w'ere  made  under  steady  states  conditions.  The  articulate  foil  was 
held  in  camber  by  a  tensioned  strip  located  between  the  actuator  post  and  the  balance  strut. 
Both  articulate  and  rigid  fin  were  clamped  to  the  balance  stmt  at  the  appropriate  AOA.  Figure 
3  shows  a  comparison  between  lift  measurements  for  the  articulated  and  ngid  fins,  'fhe 
statistical  error  bars  on  this  figure  are  the  95%  confidence  level.  The  results  indicate  that  on 
the  average  the  luticulated  foil  produce  40%  more  lift  than  the  rigid  foil  at  a  given  angle  of 
atutek.  That  is  at  18°  AOA  the  luiiculated  foil  had  the  same  lift  coefficient  as  the  rigid  foil  at 
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24°  AOA.  This  is  less  than  1(X)%  increase  in  lift  coefficient  predicted  by  the  two  dimensional 
analysis  but  the  low  aspect  ratio  fin  which  was  tested  exhibited  highly  3-dimensional  flow. 
Furthemiore,  it  was  observed  during  the  measurements  that  the  aniculated  foil  showed 
significant  flattening  of  the  camber  and  deflection  of  the  lip  when  flow  was  applied.  This 
effect  was  not  fully  accounted  for  when  the  AOA  was  measured  thus  the  reported  AOA  should 
be  lower  for  the  articulated  foil.  Based  on  this  obsen'ation  it  is  believed  that  the  lift 
performance  of  the  aniculated  foil  could  be  significantly  improved  by  designing  a  snuctiire 
and  actuator  which  better  maintained  tiie  foil  shape.  It  should  be  noted  that  no  attempt  was 
made  in  this  project  to  trptimize  the  foils  shape.  Development  of  improved  SMAART  de.signs 
are  currently  in  progress. 


Fig.  3  Comparison  of  Articulated  and  Rigid  Fins, 
Lift  vs.  Angle  of  Attack 


3.4  Flow  Visuali7ation 

Flow  visualuation  with  d\e  streaks  was  conducted  in  a  water  tunnel  to  compare  the  wake 
behind  the  articulated  and  ngui  foils.  Figure  J  shows  traces  of  the  dye  patterns  in  the  wakes 
of  the  ngid  and  aniculated  foil  at  equivalent  lift  value  (i.e.lS  AO.A  for  the  articulated  is 
equivalent  to  24°  for  the  rigid).  The  rigid  foil  showed  a  tip  vortex  developing  at  AOA  above 
15°.  It  pnxiuces  a  w  ake  width  of  30  fT  of  chord  length  immediately  dow  nstream  of  the  foil. 
The  articulated  foil  did  not  show  any  tip  vortex  up  to  the  I  S°  AOA.  The  maximum  width  of 
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the  wake  behind  the  articulate  foils  was  10%  of  chord.  This  represents  a  factor  of  smaller 
wake  at  equivalent  lift. 


Fig.  4  Dye  Streak  Flow  Visualization  Comparison  of  Rigid 
and  Articulate  Foil  Wakes 


4.  SUMMARY  AND  CONCLUSIONS 

The  SMAART  concept  for  development  of  articulated  foils  with  SMA  w  ire  actuators  for 
application  to  flight  control  of  hydrtxlyntimic  or  tierodynamic  vehicles  has  been  demonstrated. 
Analysis  has  indicated  that  the  articulated  foil  produces  higher  lift  (turning)  force  and  less  flow 
separation  than  the  conventional  rigid  foils.  An  operatiotial  demonstration  model  of  the 
articulated  control  fitt  concept  has  been  fabricated  and  tested.  The  results  of  lift  measurements 
indicate  the  articukited  foil  fabricated  here  prcxluced  a  40%  increase  in  lift  relative  to  the  rigid 
foil  at  the  same  AOA.  The  results  of  How  visttalization  indicate  that  the  tuiiculated  foils  had  a 
factor  of  three  smaller  w  ake  at  equivalent  lift.  Current  efforts  arc  being  directed  towards 
optimizing  the  foil  shape  and  improving  the  actuator  and  structural  designs. 
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ABSTRACT:  A  method  for  employing  artificial  neural  networks  for  the  decentralized 
control  of  flexible  space  structures  is  investigated.  The  basic  approach  is  to  couple  the 
concept  of  the  overlapping  expansion/contraction  method,  developed  by  Ikeda  and  Siljak 
( 1984),  to  the  design  of  a  decentralized  artificial  neural  network  controller.  In  this  paper 
we  develop  a  decentralized  neuromorphic  controller  (NMC)  and  demonstrate  its 
application  to  the  vibration  control  of  local  sections  of  large  space  structures.  An 
illustrative  simulation  example  is  given  for  the  local  control  for  a  finite-dimensional 
model  of  the  JPL/AFAL  Flexible  Control  Experimental  facility. 


1.  INTRODUCTION 

The  performance  required  of  future  precision  large  space  structures  such  as  orbiting 
interferometers  and  segmented  reflector  telescopes  places  very  stringent  requirements  on  the 
alignment  and  stability  of  optical  components  which  are  attached  to  large  lightweight  structural 
frameworks.  The  control  system  for  the  supporting  structure,  along  with  the  rest  of  the  system, 
must  exhibit  properties  such  as  quietness  (i.e.,  no  vibration),  high  precision  figure  and  position 
alignment,  and  .system  stability  in  the  nanometer  regeme.  These  performance  requirements  have 
motivated  a  new  approach  to  spacecraft  design,  where  decentralized  feedback  control  principles 
coupled  with  advances  in  embedded  sensing  and  actuation  are  applied  to  the  design  of  high 
performance  structural  systems. 

Presently,  control  system  designers  rely  heavily  on  an  "accurate"  model  of  the  structure  where 
the  space  structure  is  generally  modelled  as  a  linear  time- invariant  system.  Although  such  a 
model  may  describe  the  physical  system  adequately,  any  model  is  only  an  approximation  to  the 
physical  system.  There  is  always  some  uncertainty  present  in  the  structure  due  to  physical 
parameters  not  being  known  exactly,  neglecting  high  frequency  dynamics,  or  invalid 
assumptions  made  in  the  model  formulation.  In  this  paper  we  sugge.st  a  distributed  control 
system  architecture  for  large  space  structures  ba.sed  on  multi-processor  systems  known  as 
artificial  neural  networks  (ANN)  which  do  not  require  accurate  knowledge  of  the  structure  to 
be  controlled  JUt  rather  learn  to  formulate  control  strategies  from  their  operational  experience. 
We  shall  exploit  both  the  distributed  nature  and  the  learning  capabilities  of  ANN  for  the  design 
of  a  robust,  distributed  control  system  for  precision  space  structures.  A  distributed  architecture 
is  developed  in  which  an  ANN  controller  is  employed  at  each  actuator  for  local  control  of  a 
section  of  the  structure.  The  objective  is  to  determine  the  fea.sability  of  using  ANN  control 
strategies  to  provide  accurate  vibration  .suppression  along  with  figure  and  position  alignment 
over  a  wide  range  of  frequencies  for  the  entire  structure. 

This  paper  is  organized  as  follows.  .Section  2  briefly  reviews  the  method  of  overlapping 
expansion/contraction  method  and  how  it  is  applied  to  finite-element  models  of  flexible  space 
.structures.  Section  3  discusses  the  Neuromorphic  Control  (NMC)  algorithm  and  presents  a 
stmulatton  example  of  the  NMC  algorithm  for  the  local  control  of  a  section  of  JPL/AFAL 
structure. 
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2. REVIEW  OF  THE  INCLUSION  PRINCIPLE  FOR  FLEXIBLE 
STRUCTURES. 

The  inclusion  principle,  built  around  the  concept  of  overlapping  expansions  and  contractions 
and  was  found  to  be  ideally  suited  for  the  decentralized  control  of  flexible  space  structures  and 
has  been  investigated  by  Youseff  (1988)  and  Ozguner  et.  al.  (1990).  The  basic  idea  for  the 
application  of  the  inclusion  principle  to  flexible  structures  was  to  view  the  structure  as 
consisting  of  many  "loosely"  coupled  subsystems.  In  brief,  the  procedure  based  on  the 
inclusion  principle  developes  an  expanded  model  of  the  original  finite  dimensional  model  of  the 
structure  such  that  the  expanded  model  "includes"  the  original  model  -  that  is,  the  dynamics  of 
the  original  model  can  be  extracted  fom  the  expanded  model. 

Consider  a  pair  of  linear-time  invariant  systems  S  and  S  described  by 

S:  x  =  Ax  +  Bu;  y  =  Cx 
S:  )t  =  A)t  +  Bu;  y  =  £x 

where  xe  P and  R-  and  n  >  n. 

Definition  2.  liPefinition  2..^  of  Ikeda  and  Siliak  (1984):  We  say  that  a  system  S  includes  a 
system  S  if  there  exist  an  ordered  pair  of  matrices  (U.V)  such  that  UV  =  I^,,  and  for  any  initial 

state  x(0)  of  S  and  any  input  u(t)  we  have 

x(t;  x(0),u)=  Ux(t;  Vx(()).  u);  (2..'^) 

y|x(t)|  =y[x(t)|  for  all  t  >0  (2.4) 


(2.1) 

(2.2) 


This  definition  implies  that  the  system  ^  contains  all  the  necessary  information  about  the 
behavior  of  the  system  S.  We  can  extract  any  property  of  S  from  S,  and  evaluate  the  properties 
of  S  using  S  as  a  reduced  order  model.  This  is  the  underlying  idea  of  the  inclusion  principle. 
Consider  a  model  of  a  flexible  stnicture  in  its  state  space  form: 

x  =  Ax  +  Bu;  y  =  Cx  (2.5) 

where  A  id  a  block  diagonal  matrix,  i.e.,  A=block  diag(A|,A2 . Aj^)  and 


A,= 


'0  1  " 
-cj,"  0 


(2.6) 


where  (Oj  is  the  natural  frequency  of  the  i*^  mode.  Ozguner  (1990)  developed  an  overlapping 

expansion  method  such  that  each  subsystem  model  for  the  flexible  structure  is  controllable  and 
observable.  Modes  were  chosen  for  a  particular  subsystem  by  considering  the  influence 
coefficients  in  the  B  and  C  matrices.  Based  on  this  expansion  we  shall  next  develop  a  NMC 
algorithm  for  each  subsystem  of  a  flexible  .•>tructure. 


3  THE  NEUROMORPHIC  CONTROL  ALGORITHM 


Figure  1  shows  a  block  diagram  of  the  control  system  which  is  employed  for  the  local  control 
of  a  subsystem.  Before  discussing  the  specific  function  of  each  block  in  Fig.  1,  a  brief 
description  of  the  overall  control  system  is  given.  The  NMC  can  be  viewed  as  a  self-tuning 
regulator  from  modem  control  theory  with  adju.stable  parameters  and  is  comprised  of  two 
feedback  lox^ps.  The  goal  of  the  NMC  is  to  develop  a  local  control  signal  u,  as  a  function  of 

both  the  current  state  of  the  subsystem  structure  x,  and  a  set  of  tunable  weighting  parameters  Q. 
so  that  the  system  state  is  regulated  about  a  desired  control  setpoint  or  trajectory  2^.  The 
primary  feedback  loop  (shown  with  the  bold  line)  simple  maps  the  current  state  of  the  structure 
into  the  next  control  signal  through  the  regulator.  TTie  regulator  in  the  form  of  a  three-layer 
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feedforward  neural  network  (FNN).  The  input  state  vector  x  is  propogated  through  the  FNN, 
layer  by  layer,  to  produce  a  control  signal  y.  at  its  output  which  is  then  fed  into  the  structure  as 
the  control  input.  The  secondary  loop  employs  a  parameter  adaptation  technique  which  teaches 
the  FNN,  through  adaptation  of  the  parameter  vector  0,  how  to  construct  a  proper  control 
signal.  In  the  secondary  loop,  the  new  state  is  then  compared  to  the  desired  state  and  an  on-line 
nonlinear  reccursive  least  square  (NRLS)  estimation  technique  is  used  to  adjust  the  weighting 
parameters  of  the  FNN  by  sequentially  minimizing  a  weighted  quadratic  performance  index  of 
the  eiror  between  the  desired  state  2^  and  current  plant  states  x.  It  should  be  noted  that  once  the 

FNN  learns  how  to  map  the  current  state  into  the  appropriate  control  action,  the  secondary  loop 
is  no  longer  necessary  and  can  be  removed. 


Fig.  1 :  Block  diagram  of  the  Neuromorphic  Controller 

3.1  Feedforward  Npiiral  Network.  Figure  2  shows  the  .specific  network  topology  that  will 
be  used  as  the  regulator.  The  network  is  arranged  into  three  layers;  an  input,  hidden,  and  output 
layer  and  we  employ  two  types  of  "neurons",  namely;  linear  (L)  and  sigmoidal  (S).  The  input 
layer  consist  of  n  linear  neurons  and  receives  signals  in  the  form  of  plant  states  x.  where  x  is  an 
n-dimensional  vector.  Note  that  we  assume  that  all  of  the  plant  states  are  measureable  and 
accessible.  The  output  layer  consist  of  m  linear  neurons  and  emits  m  control  signals  to  the 
structure  (u  is  an  m-dimensional  vector).  The  hidden  layer  is  used  to  encode  environmental 
information  and  develop  sophisticated  input/output  mappings  and  consists  of  h  sigmoidal 

neurons  whose  outputs  are  denoted  by  the  h-dimensional  vector  Q.  Note  that  we  only  show 
typical  feedforward  paths  for  a  single  neuron  in  each  layer. 


Fig.  2:  Topology  of  the  regulator  implemented  as  a  three-layer  feedforward  neural 
network.  Note  that  not  all  of  the  connections  arid  neurons  are  shown. 
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The  output  layer  constructs  a  control  signal  of  the  form 
U=|W'^|2(1W'’*|,  x.i^  +  lW^^^lx.+i“ 


(3.1) 


where  is  an  m  x  h  matrix  connecting  the  hidden  layer  to  the  output  layer,  2([W(')],  x. 


I^)  is  an  h-dimensional  vector  of  hidden  layer  outputs,  (W(')]  is  an  h  x  n  matrix  connectsing 

the  input  layer  to  the  hidden  layer,  x  is  an  n-dimensional  vector  of  plant  states,  i*’  is  an  h-vector 
of  hidden  layer  thresholds,  is  an  m  x  n  matrix  of  direet  connections  from  the  input  layer 

to  the  output  layer,  is  an  m-vector  of  output  layer  thresholds,  and  u  is  an  m-vector  of 
control  signals.  Finally,  a  vector  of  tunable  parameters  comprised  of  all  the  synaptic  weights 
and  thresholds  is  defined  as 

[W'V,  ....  W]P . ...,  . 


1:1  ■ 


^h. 


. . VV' 


(3) 

mm 


,T 


(3.2) 


which  has  dimension  p  =  n*h  +  h*m  +  h  +  n*m  +  m. 

3,2  Local  Flexible  Structure  Model  and  the  Control  Ohketive.  We  first  assume 
that  the  original  finite-dimensional  model  for  the  structure  has  been  expanded  according  to  the 
inclusion  principle  as  given  by  Ozguner  et.  al  (1990),  then  we  consider  each  local  subsystem 
model  for  the  flexible  structure  to  be  of  the  form: 


x''’(k-(-l )  =  V'’  i^'’(k)  -I-  B^‘y‘\x^‘’(k)^(k)) 


(3.3) 


where  k  is  discrete  time  (k=0,l,2,...),  is  a  matrix  of  locally  controllable  modes  and  B*’'  is 
the  control  influence  matrix.  Here  we  shall  make  the  following  assumptions: 

(i)  is  unknown; 

(ii)  B''>is  known; 

(iii)  the  order  of  the  subsystem  (i.e.,  the  number  of  states)  is  known; 

(iv)  all  of  the  local  modes  are  measurable  and  controllable; 

The  state  y'\k-t-l)  becomes  a  function  of  the  FNN  weighting  parameters  0(k)  through  the 
dependence  on  the  local  contol  u^'^x^'^k),  0(k)). 

The  control  objective  is  to  find  a  set  of  parameters  0(k)  such  that  the  computed  control 
commands,  or  ce  applied  to  the  structure  will  cause  the  output  x^'^k-t-l)  to  approach  the  desired 
.set  point  Adaptation  of  the  FNN  control  parameters  Q  is  achieved  by  minimizing  the 
following  performance  index; 

N-1 

J(N,fl)=  5^(xd(k+l)-x“’(k-(-l))'^lQ(k+l)](2y(k+l)-x'‘Wn)  (3.4) 

k=0 

where  N  is  the  total  number  of  samples  and  [Q(k+1))  is  a  sequence  of  positive  definite  n  by  n 
weighting  matrices.  The  sequential  minimization  of  Eq.  (3.4),  in  real-time,  is  performed  using 
the  Nonlinear  Recursive  Algorithm  described  in  Helferty  (1991). 

3.3  F.xamnle  for  a  3-mode  .subsystem.  A  finite-dimensional  model  of  the  JPL/AFAL 
Rexible  Spacecraft  simulator  will  be  considered  as  a  test  for  our  decentralized  NMC.  Ozguner 
(1990)  has  perviouly  studied  this  model  and  has  shown  it  can  be  decoupled  into  14  subsystems 
using  the  inclusion  principle.  We  shall  consider  one  of  the  finite-dimensional  subsystem 
models  for  the  JPL/AFAL  facility  which  incorporates  3  modes  of  the  structure. 
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The  model  is  given  in  modal  coordinates  so  that  the  state  variables  represent  modal  amplitudes 
and  velocities.  We  shall  also  assume  that  the  control  influence  matrix  B  and  the  output  matrix  C 
are  known  while  we  have  no  knowledge  of  the  plant  matrix  A.  Let  us  consider  the  problem  of 
vibration  suppression  given  an  initial  deflection  of  the  structure.  This  basically  means  that  we 
desire  to  drive  all  the  states  (i.e.,  modal  displacements)  to  zero. 

The  3-mode  subsystem  model  is  given  by: 

x  =  Ax-(-Bu;  y=£x 

floo.oo  000.00  000.00  001.00  000.00  000.00  ■ 

000.00  000.00  000.00  000.00  001.00  000.00 

.  000.00  000.00  000.00  000.00  000.00  001.00 
where  A  = 

-  -14.93  000.00  000.00  -00.07  000.00  000.00 
000.00-111.98  000.00  000.00  -00.21  000.00 
000.00  000.00  -931.54  000.00  000.00  -00.61  . 

B  =  [0,  0,  0,  .009,  .0279,  -.0702]'^;  C=fl,  1,  1,0,  0,0)'^ 


with  an  initial  deflection  x{0)  =  [.5, .5, .5, 0,0,0]^.  Figure  3  illustrates  the  open  loop  time 
response  and  Fig.  4  llustrates  the  closed  loop  time  response  using  NMC  to  generate  the  control 
signals.  The  NMC  learns  to  construct  the  proper  control  signal  to  dampen  out  the  initial 
deflection  in  5  sec. 

un/narJ  'Ttponti  'r•^onM 
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4.  CONCLUSIONS 

A  Neuromorphic  Control  algorithm  has  been  developed  decentralized  conuoi  of  flexible  space 
structures,  where  a  model  of  the  structure  is  incomplete.  A  single  feedforward  neural  network 
is  employed  to  compute  the  appropriate  control  sequences  to  suppress  vibration.  The  neural 
network  is  trained  by  a  Nonlinear  Recursive  Least  Square  algorithm,  which  has  better 
convergence  properties  than  most  of  the  currently  used  weight  adaptation  algorithms.  In  this 
approach  we  avoid  the  heuristic  "backpropogation"  neural  network  algorithms  that  are  currently 
used  extensively  in  the  literature  to  train  neural  network  models. 
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V'ibration  control  of  cylinders  using  piezoelectric  sensors  and  actuators 
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ABSTRACT:  Experiments  were  done  to  demonstrate  that  the  vibrations  and  the  noise 
field  surrounding  an  elastic  cylinder  can  be  actively  controlled  using  structure-borne 
sensors  and  actuators.  Piezoelectric  polymer  film  was  used  to  sense  the  vibration,  and 
piezoceramic  actuators  were  used  to  impart  vibration-canceling  forces.  Two  controllers 
were  used:  an  analog-based  controller  for  wave  cancellation  and  a  digital  controller 
piogrammed  with  an  adaptive  control  algorithm.  Results  showed  a  68  dB  reduction 
in  error  signal  and  a  29  dB  reduction  in  overall  sound  pressure  level  measured  in  a 
reverberant  environment. 


1.  I.NTRODUCTION' 

In  elastic  cylindrical  structures  for  underwater  applications,  vibration  and  the  resulting 
sound  have  to  be  controlled  to  enhance  the  structure’s  ability  to  evade  detection.  Passive 
vibration  and  acoustic  damping  methods  are  often  incapable  of  achieving  the  goal,  or 
simply  not  feasible.  Active  control  can  be  performed  by  introducing  forces  on  the  structure 
that  cancel  the  effect  of  vibration. 

In  certain  applications  such  as  torpedoes,  microphones  --  which  are  the  most  common 
error  sensors  -  are  not  feasible  feedback  sensors.  In  this  case,  structure-borne  sensors  have 
to  be  utilized.  Film  made  of  piezoelectric  polyvinylidene  fluoride  (PVDF)  is  a  good 
structure-borne  sensor  for  this  application  becau.se  it  occupies  almost  no  space,  it  does  not 
load  the  structure,  and  it  can  be  bonded  to  the  structure  very  easily.  Moreover,  PVDF  film 
has  a  unique  advantage  of  being  able  to  be  shaped  so  that  it  is  .selectively  sensitive  to 
certain  vibration  modes.  The  actuators  that  can  be  used  are  also  ones  that  need  no  external 
suppon.  Again,  structure-borne  actuators  are  needed.  Compared  to  proof  mass  actuators, 
piezoceramic  lead  zirconate  titanate  (PZT)  crystals  have  many  advantages  such  as  compact 
size,  low  mass,  simplicity  of  a  single-component  device,  large  force-to-weight  ratio,  low 
cost  and  minimal  maintenance  requirement. 

To  demonstrate  the  ability  of  structure-bonie  PVDF  film  sensors  and  PZT  actuators  to 
control  the  vibration  of  the  cylinder,  harmonic  steady-state  disturbance  rejection 
experiments  were  done. 

2  THE  CYLINDER 

The  structure  controlled  was  an  aluminum  cylindrical  shell  16  inches  long,  10  inches  in 
outside  diameter,  0  25  inch  thick.  Control  experiments  were  done  both  on  the  cylinder 
slicll  alone  (referred  to  as  the  open  cylinder)  and  on  the  cylinder  with  solid  circular  plates 
bolted  tightly  on  both  ends  (closed  cylinder).  A  shaker  inside  generates  a  steady  state 
harmonic  point  force  disturbance.  A  PVDF  film  sensor  and  PZT  actuators  were  bonded 
on  the  outer  surface  of  the  cylinder  (.see  Figure  1). 
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The  natural  frequencies  and  approximate  mode  shapes  were  analytically  predicted  fc  .■  a 
method  given  by  Blevins  (1979).  This  method  approximates  the  mode  shape  function  with 
a  product  of  the  axial  part  ana  the  circumferential  part  of  the  function.  The  circumferential 
part  is  a  cosine  function.  The  axial  pari  is  a  mode  shape  function  of  a  beam  with  bound  '-v 
conditions  corresponding  to  the  end  conditions  of  the  cylinder.  For  the  open  cylinder,  the 
boundary  conditions  are  like  those  of  a  free-free  beam.  The  closed  cylindei  boundary 
Conditions  were  modeled  as  pins  with  torsional  springs  whose  stiffness  constant  was 
detennined  experimentally.  The  eigenvalues  and  mode  shape  function  for  this  type  of 
boundary  conditions  were  computed  with  formulas  given  by  Gorman  (1975).  Subsequent 
experiments  using  accelerometers  on  the  cylinder  verified  the  predicted  natural  frequencies 
and  mode  shapes  of  the  open  cylinder  within  8  percent  ^see  table  1).  For  the  closed 
cylinder,  however,  the  analytical  prediction  was  only  accurate  for  those  modes  where  the 
axial  mode  index  is  1.  The  frequencies  are  shown  in  Table  2.  In  this  paper,  mode  shape 
(i,j,)  means  a  ir.ode  shape  where  the  circumferential  part  is  i  sinusoids  and  the  axial  part 
i.s  like  the  j'"'  mode  shape  of  a  beam  with  corresponding  boundary  conditions. 

Because  only  on-resonance  single-tone  disturbance  rejection  was  studied,  vibration  inodes 
were  selected  for  case  studies.  Acoustic  experiments  revealed  that  for  the  open  cyhndei 
the  most  powerful  acoustic  radiator  is  the  founh  Rayleigh  mode.  (The  i'"  Rayleigh  mode 
shape  is  a  mode  shape  where  the  circumferential  part  is  i  periods  of  sinusoids  around  the 
cylinder  and  where  lines  parallel  to  the  cylinder's  axis  remain  parallel  to  tliat  axis,  that  is, 
there  is  no  axial  variation  at  any  ftxed  radial  position,)  The  natural  frequency  associated 
with  this  mode  is  1425  Hz,  For  the  closed  cylinder,  a  very  powerful  acoustic  radiator  is 
mode  (4.1'.  whose  natural  fiequency  is  1547  riz. 

Table  1  Open  Cylinder  Natural  Frequencies  Table  2  Closed  Cylinder  Natural  Frequencies 


Mode 

.Ana- 

Experi- 

% 

lytical 

mental 

er- 

(Hz) 

(Hz) 

ror 

Rayleigh  2 

261 

263 

0.77 

Rayleigh  3 

737 

747 

1.36 

Rayleigh  4 

1413 

1425 

0.85 

Rayleigh  5 

2285 

2250 

-1.53 

Rayleigh  6 

3353 

3350 

-0.09 

3.  1 

1586 

1570 

4.  1 

1860 

1850 

-0..54 

5,  1 

2637 

26.30 

-0,27 

6,  1 

3684 

3680 

-0.11 

2,  2 

4118 

3825 

-7.12 

3,  2 

3005 

2880 

-4,16 

4,  8 

3877 

3735 

-3.66 

5.  3 

4139 

4030 

-2.64 

6.  3 

4927 

4825 

-2.07 

5,  4 


Mode  .Ana-  Experi-  T 
lytical  mental  er- 

(Hz)  (Hz) ror 


3.1  1019  1010  -0.88 


2.1  1121  1050  -6.83 


4.1  1520  1545 


5182 


4895 


5.54 


Figure  1  Cylinder  with  a  Shaker, 
PVDF  Sensois  arid  PZT  ikctuators 
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3.  PVDF  FILM  SENSOR 


When  the  open  cylinder  is  excited  with  a  1425  Hz  disturbance,  Rayleigh  mode  4  is  excited 
most,  but  all  other  modes  are  also  excited,  sending  signals  through  the  error  sensor  to  the 
controller.  These  signals,  although  much  weaker  than  the  intended  1425  Hz  feedback 
signal,  may  be  amplified  by  the  analog  controller  and  fed  back  to  the  structure,  resulting 
in  an  ever-increasing  excitation  if  the  feedback  signal  is  in-phase  with  the  excitation.  What 
can  help  eliminate  this  problem  of  instability  is  an  error  sensor  which  is  sensitive  only  to 
a  selected  mode.  Modal  sensor  theory  developed  by  Lee  (1987)  basically  explains  how  to 
create  such  a  sensor.  Lee  has  verified  his  theory  experimentally  on  a  beam.  Furthemore, 
Zhou  et.  al.  (1991)  applied  modal  sensor  on  a  plate,  demonstrating  e.xperimentally  that  a 
one-dimensional  modal  sensor  on  a  two-dimensional  structure  filters  out  other  modes  other 
than  a  family  of  intended  modes  and  thereby  reducing  control  spillover. 


PV'DF  Sensor  .'Nraui  Sluke:  Fcne 


.Modal  sensors  and  other  types  of  distributed  sensors  can  be  made  of  piezoelectric  poly¬ 
mer  PVDF  commercially  available  as  thin  film  sandwiched  between  two  metal  electrode 
layers.  With  an  electronic  interface  providing  a  sufficiently  high  input  impedance,  the 
charge  developed  in  the  PVDF  layer  can  be  converted  to  voltage  proportional  to  strain. 
(Alternatively,  a  sufficiently  low  input  impedance  could  also  be  used  to  convert  the 
sci:.a)r’s  output  current  to  a  voltage  signal  proportional  strain  rate.)  The  film  can  be  cut 
lo  shapes  to  create  modal  sensors  and  then  bonded  on  the  structure.  One-dimensional 
modal  sensor  theory  can  be  applied  directly  to  the  Rayleigh  modes  of  the  open  cylinder, 
since  the  mode  shapes  are  one  dimensional.  A  mode  (4,j)  sensor  is  shaped  such  that  its 
width  varies  around  the  cylinder 
according  to  a  function  bfx)  =  U4,, 
cos(4x/R„)  where  Uj,,  is  the  width 
amplitude  and  x  =  R„  9.  R„  is  the 
otitside  radius  and  0  is  circumf¬ 
erential  position.  The  modal  filter¬ 
ing  effect  of  this  sensor  is  demon-  z 
strated  in  Figure  2,  which  shows  > 

the  magnitude  ratio  of  the  modal  I 

sensor  output  voltage  to  excitation  | 
force  (solid  line),  compared  to  the 
magnitude  ratio  of  a  commonly- 
u.sed  rectangular  PVDF  film  sen- 
to  excitation  force  (dotted 


sor 
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ctgure 
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Modal  Filtering  Effect  of  PVDF  Modal 


line).  It  is  clear  that  the  modal 
sensor  filtered  out  other  modes 
than  Rayleigh  mode  4  (1434  Hz), 
mode  (4,1)  (1833  Hz),  and  mode 
(4.3)  (3730  Hz).  (Mode  (4.2)  was 
not  strongly  excited  because  the 
shaker  point  of  action  was  very  close  to  the  nodal  line  of  this  mode.)  This  result  also 
shows  that  tlie  modal  filtering  effect  of  the  mode  (4,j)  sensor  does  not  only  apply  to 
Rayleigh  (one  dimensional)  modes,  but  also  to  other  vibration  modes  of  the  cylinder. 
This  effect  was  taken  advantage  of  in  implementing  the  analog  vibration  control  .scheme 
on  the  cylinder.  This  sensor  will  be  refered  to  as  the  mode  4  sensor  in  the  rest  of  this 
paper. 


4.  PZT  ACTUATORS 


As  showed  by  Fuller  and  Jones  (1987),  Piezoceramic  PZT  bonded  on  a  structure  can  be 
used  to  produce  vibration  to  control  acoustic  emission  from  the  structure.  The  converse 
piezoelectric  effect  causes  the  PZT  patches  to  impart  sU'ain  on  the  cylinder  when  electric 
voltage  IS  applied  to  them.  Piezoceramic  PZT  available  commercially  in  the  form  of  thin 
chips  coated  with  metal  electrodes  were  cut  into  1.5"  x  1.25"  rectangles  and  then 
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bonded  to  milled-flut  surfaces  on 
the  cylinder.  Experiment  on  the 
open  cylinder  at  1425  Hz  showed 
that  applying  36.6  V  (0-peak)  to 
two  actuators  located  in  the 
middle  of  the  cylinder's  length 
created  a  36.5  g  radial  acceleration 
on  an  antinode,  equivalent  to 
applying  a  14  N  point  force  at  the 
same  location.  The  maximum 
recommended  operating  voltage 
for  the  type  of  PZT  chip  used  is 
212  V.  A  zoomed  swept  sine 
frequency  response  analysis  shows 
that  the  PZT  actuators  excite  the 
same  structural  response  (Figure 
3).  Results  from  an  acoustic  test 
on  the  closed  cylinder  in  an 
anechoic  chamber  showed  that  at 
1545  Hz  (the  frequency  of  mode 
(4,1))  the  directivity  pattern  of  the 
sound  generated  by  the  cylinder 
under  the  PZT  excitation  is  very 
similar  to  tiie  directivity  pattern  of 
the  sound  generated  by  the 
cylinder  under  shaker  excitation 
(Figure  4).  These  results 
demonstrate  that  the  PZT  chips  are 
indeed  capable  of  inducing 
vibration  and  sound  at  levels 
sufficient  to  cancel  the  shaker 
disturbance. 

5.  CONTROL  EXPERIMENTS 


Own  (‘■jliiutre  .Xizceiennon  »»  1 1  ?  AS  Fofrf 
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Figure  3  Magnitude  Ratio  of  .Acceleration  to  Force 
(Upper  Graph):  Magnitude  Ratio  of  .Acceleration  to 
PZT  Voltage  (Lower  Graph) 


Figure  4  Acoustic  Directivity  Patterns  of  the 
Closed  Cylinder:  Under  Shaker  Excitation  (Left 
Graph);  Under  PZT  Excitation  (Right  Graph) 


Experiments  were  done  with  two  separate  control  schemes.  The  first  one  used  analog 
filter  in  a  feedback  path,  and  the  second  one  implemented  a  Least  Mean-Square  adaptive 
control  algorithm  on  a  digital  signal  processing  board.  Both  experiments  were  done  in  a 
reverberation  chamber  and  the  sound  pressure  level  (SPL)  generated  by  the  vibrating 
cylinder  was  monitored  with  a  microphone  to  investigate  how  the  controllers  reduced 
the  acoustic  emission  from  the  cylinder.  The  disturbance  excitation  was  applied  by  the 
shaker.  The  PVDF  film  modal  sensor  and  the  PZT  Actuators  were  used.  The  analog 
control  experiments  were  done  on  the  open  cylinder  only.  The  adaptive  control 
experiments  were  done  on  both  the  open  and  the  closed  cylinders.  The  disturbance 
frequency  was  1420  Hz  for  the  open  cylinder  and  1515  Hz  for  the  closed  cylinder. 

In  the  analog  control  experiment,  vibration  feedback  signal  from  the  PVDF  modal 
sensor  was  sent  to  an  eight-pole  Bessel  filter  with  a  cut  off  frequency  of  1440  Hz.  The 
output  of  the  filter  was  amplified  with  a  power  amplifier  and  elevated  to  a  high  voltage 
with  a  transformer  when  necessary.  The  output  from  the  transformer  drove  three  PZT 
actuators  to  counteract  the  vibration  disturbance  from  the  shaker.  Figure  5  show's  that 
the  feedback  control  reduced  the  feedback  error  signal  by  15  dB,  acceleration  at  an 
antinode  by  16  dB,  and  overall  sound  pressure  level  by  23  dB.  The  control  voltage 
needed  to  drive  the  actuators  to  reduce  the  SPL  from  88  dB  to  73  dB  was  only  3.6  V. 

riie  adaptive  control  scheme  implemented  the  filtered-x  least-mean-square  (LMS) 
algorithm  on  a  TMS320C30  digital  signal  proce.ssing  board.  The  control  schematic  is 
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shown  in  Figure  6.  At  time  step  k, 
the  output  Uy.  of  the  two-weight 
feedforward  controller  is  a  linear 
combination  of  and  where 
the  reference  signal  is  tapped 
directly  from  the  signal  generator 
which  generates  the  shaker 
disturbance  signal.  The  two 
weights  Wui,  and  w,^  are  adjusted 
by  the  LMS  algorithm  based  on 
the  information  from  the  PVDF 
sensor  error  signal  Cj,  and  a 
reference  signal  x^,  which  is 
obtained  by  filtering  the  original 
reference  signal  x^  through  a  filter 
that  simulates  the  transfer  function 
T^,  of  the  plant.  This  transfer 
function  T^  is  measured  off-line 
before  the  execution  of  tlie  control 
program.  This  technique  is  based 
on  the  version  of  filtered-x  LMS 
algorithm  given  by  VVidrow  and 
Steams  (1985). 

When  applied  to  the  open 
cylinder,  the  adaptive  control 
resulted  in  a  32  dB  reduction  in 
PVDF  error  signal  and  a  26  dB 
reduction  in  overall  sound  pressure 
level.  Figure  7  and  Table  3  show 
that  the  performance  of  the 
adaptive  control  is  superior  to  that 
of  the  analog  control.  The  adaptive 
control  appeared  to  induce  a 
vibration  at  about  4600  Hz, 
probably  because  of  aliasing 
problem.  However,  the  SPL  peak 
caused  by  this  vibration  is  about 
25  dB  lower  than  the  uncontrolled 
SPL.  Moreover,  this  vibration  can 
easily  be  eliminated  by  filtering 
the  output  of  the  digital  controller. 
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Figure  5  Results  of  Analog  Control  on  Open 
Cylinder:  Error  Signal  (Top  Graph),  Acceleration 
(Middle  Graph)  and  Sound  Pressure  Level(Bottom 
Graph). 


6.  PERFORM.^NCE  OF  Figure  6  LMS  Control  System 

DIFFERENT  SENSOR  TYPES 

Table  3  LMS  versus  Analog  Control 


To  compare  the  performance  of  the  PVDF 
film  modal  sensor  to  the  performance  of  an 
error  microphone  and  a  plain  PVDF  film 
sensor,  experiments  were  done  on  the  closed 
cylinder  in  the  reverberation  chamber.  The 
reduction  in  sound  pressure  level  resulting 
from  LMS  control  using  the  three  sensors  is 
shown  in  Table  4.  The  plain  PVDF  sensor 
was  a  rectangular  PVDF  film  whose  position 
with  respect  to  the  shaker  point  of  action  was 


Con¬ 

troller 

Error 
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Reduc- 

SPL 
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1420 
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Over¬ 
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analog 

15 

23 

23 

LMS 

32 

34 

26 
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symmetric  with  the  position  of  the 
mode  4  sensor.  This  sensor  was 
used  for  comparison  with  the 
modal  sensor.  It  is  clear  that  the 
SPL  reduction  achieved  by  using 
the  PVDF  modal  sensor  is 
comparable  to  the  SPL  reduction 
achieved  by  using  an  error 
microphone.  These  results  show 
that  PVDF  modal  sensors  have  a 
good  potential  to  replace  error 
microphone  in  various 
applications. 

7.  CONCLUSIONS 
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From  the  series  of  experiments  Figure  7  Sound  Pressure  Level  of  Open  Cylinder: 
done  on  the  cylinder,  the  LMS  versus  Analog  Control 
following  conclusions  can  be 
drawn.  First,  one-dimensional 


modal  sensors  made  of  PVDF  film  can  be 
applied  to  the  cylinder  to  reduce  spillover  and 
stability  problem.  Second,  PZT  actuators  have 
sufficient  authority  to  generate  the  same 
vibration  modes  and  acoustic  directivity  as 
the  shaker.  Third,  the  LMS  adaptive  control 
creates  greater  reductions  in  error  signal, 
acceleration  and  overall  sound  pressure  level 
than  analog  feedback  control.  And  fourth,  the 
control  performance  achieved  with  the  PVDF 
modal  sensor  is  comparable  to  the  control 
perfomiance  achieved  with  a  microphone  as 
an  error  sensor. 
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Table  4  SPL  Reduction  Achieved  with 
Three  Different  Sensors.  LMS  Control 
on  Closed  Cylinder 
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(dB) 
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Structural  vibration  suppression  via  adaptable  damping  and  stiffness 


Y.  S.  Kim,  K.  W.  Wang  and  H.  S.  Lee 

Mechanical  Engineering  Department,  The  Pennsylvania  State  University,  University  Park,  PA 
16802,  USA 

ABSTRACT ;  This  paper  presents  a  control  strategy  to  suppress  structural  vibrations  by 
on-line  vtirying  the  system  damping  and  stiffness.  The  feasibility  of  using  ER-fluid-based 
structures  for  such  purposes  is  illustrated. 

1.  INTRODUCTION 

It  has  been  recognized  that  some  features  of  semi-active  systems  could  be  attractive  to 
vibration  suppression  of  flexible  structures.  The  main  idea  is  to  combine  feedback  controls 
with  devices  whose  damping  and  stiffness  characteristics  can  be  varied  according  to  the 
controller  commands.  This  approach  will  have  the  advantages  of  both  the  passive  and  active 
systems.  Since  energy  is  always  being  dissipated,  it  is  insensitive  to  the  spillover  problem 
encountered  in  fully-active  controls  (Balas  1982),  while  at  the  same  time  reserves  the  benefit 
of  feedback  control  of  an  active  system.  With  the  recent  development  of  smart  materials  such 
as  electro-rheological  (ER)  fluids  (Gandhi  et  al  1987;  Coulter  et  al  1987;  Stanway  et  al  1987), 
on-line  damping  and  stiffness  variations  can  be  physically  achievable. 

The  major  consideration  in  applying  scmi-active  action  on  structures,  other  than  the  distributed 
nature  of  the  problem,  is  the  nonlinear  characteristic  of  the  control  system  due  to  the  state 
dependent  damping  and  stiffness  parameters,  the  system  uncertainties  from  unmodelled  modes 
and  external  disturbances,  and  the  con.straints  imposed  upon  the  actuators  (positive  damping 
and  stiffness  constants).  This  paper  first  presents  some  experimental  results  showing  the 
dynamic  characteristics  of  a  ER-lluid-based  beam  structure,  and  its  feasibility  for  vibration 
control.  We  then  introduce  a  novel  strategy,  ba.sed  on  the  theory  of  sliding  mode,  for  semi¬ 
active  vibration  suppression  of  flexible  structures  by  on-line  varying  the  damping  and  stiffness 
chiu'acteristics  of  the  actuators.  The  main  advantage  of  employing  the  sliding  mode  control 
technique  is  that  it  can  be  adequately  applied  to  nonlinear  systems,  and  the  system  can  be 
designed  to  be  robust  with  respect  to  unmodelled  dynamics,  system  variations  and  external 
disturbances. 

Although  the  feasibility  of  using  an  ad-hoc  sliding  mode  control  for  semi-active  structures 
with  adjustable  damping  has  been  shown  by  Wang  and  Kim  (1990),  it  is  recognized  that  the 
important  issue  of  actuator  constraints  needs  to  be  addressed  to  fully  utilize  the  theory.  In  a 
recent  paper  (Kim  and  Wang  1991),  the  ad-hoc  control  law  is  augmented  and  modified  to 
compen.sate  for  the  constraint  problem.  This  present  research  extended  the  results  of  Kim  and 
Wang  (1991)  to  incorporate  variable  stiffness  and  Coulomb  friction  forces  of  the  actuators 
(which  has  been  experimentally  identified  in  ER-fluid-based  systems  (Gandhi  et  al  1987; 
Stanway  et  al  1987))  into  the  control  law  design. 

2.  EXPERIMENTAL  STUDY 

To  study  the  feasibility  of  using  ER-fluid-based  structures  for  vibration  suppression,  an 
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experimental  fixture  has  been  set  up  (Fig.  1).  A  composite  cantilever  beam  Sftecimen  (3C)mm 
X  5mm  X  250mm),  consists  of  a  2  mm  ER-fluid  layer  sandwiched  between  two  layers  of 
aluminum  glued  to  plastic  plates,  has  been  fabricated.  The  thin  layers  of  aluminum  were  used 
as  electrodes.  A  high  voltage  (0  to  8K  volts)  supply  is  used  to  activate  the  system.  An 
accelerometer  attached  to  the  end  of  the  beam  is  u.sed  to  measure  the  transverse  vibration 
signals.  An  impact  hammer  and  a  spectrum  analyzer  are  used  to  perform  frequency  response 
analysis  of  the  beam. 

Figure  2  illustrates  the  time  response  of  the  beam  under  free  vibration.  Given  the  same  initial 
displacement,  the  response  of  the  beam  damped  out  much  faster  when  the  ER  fluid  is 
activated.  The  system  frequency  response  function  is  shown  in  Figure  3.  As  the  actuator 
voltage  increases,  both  the  modal  frequency  and  damping  vary.  A  8  dB  drop  of  the  first  two 
modal  transfer  function  amplitude  is  observed  when  the  voltage  source  increases  from  0  to  4 
kV/mm. 

These  experimental  results  show  that  it  is  feasible  to  actively  change  the  structure  damping  and 
stiffness  by  using  a  distributed  adaptive  material.  It  has  also  been  shown  that  lumped  ER- 
fluid  dampers  can  be  very  effective  in  on-line  changing  their  viscous  and  Coulomb  friction 
dampings  (Stanway  et  al  1987).  With  these  smart  actuators,  a  feedback  control  algorithm  is 
presented  in  the  following  sections  to  integrate  the  system  and  on-line  suppress  structural 
vibrations. 


V  Frequency  response  of  Die  beam  figure  4.  Sliding  surface  with  boundary  layer 
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3.  CONTROL  ALGORITHM  SYNTHESIS 

For  the  purpose  of  controller  design,  a  distributed  parameter  system  is  normally  discretized 
into  a  set  of  ordinary  differential  equations  through  the  finite  element  method  or  other  classical 
techniques,  such  as  Rayleigh-Ritz  or  Galerkin's  method.  The  model  can  further  be 
transformed  into  the  modal  equations: 

y(t)  +  [C|  y(t)  +  [Ql  y(t)  +  F(<y(i),y(t))  =  f(t)  (1) 

Here  y(t)  is  an  Nxl  generalized  displacement  vector,  [C]  and  [OJ  are  the  NxN  variable 
damping  and  stiffness  control  matrices  with  state-dependent  elements,  Ff  is  the  Coulomb 
friction  control  force  vector,  and  f(t)  is  the  vector  consists  of  external  disturbances. 

The  N  modes  described  in  ( I )  are  usually  separated  into  controlled  modes  and  Nr  residual 
modes.  Equation  (1)  can  thus  be  rewritten  as 

y,(t)  ^  y,(t)  ^  y,(t)  ^  Ff,(y(t))  _  f,(t) 

..VKitiJ  .Qc  Crr.  L  ^<c  JLyR<')J  L*^fR(y(0)J 

It  has  been  assumed  that  the  relationship  between  the  damping  and  stiffness  variations  in  ER- 
fluid-based  structures  is  linear  (Gandhi  et  al  1987).  It  can  also  be  assumed  that  the  viscous 
damping  constant  and  the  friction  force  constant  are  linearly  related  in  ER  dampers.  These 
relationships  can  be  detennined  experimentally.  For  the  control  algorithm  design,  only  the 
controlled  modes  are  considered  and  therefore  the  following  equation  is  used: 

y,.(t)  +  ia,,J  y,.(t)  +  lD(y^,(t),yc(t))l  u(t)  =  f(.(t)  (3) 

where  u(t'  is  an  Mx  1  vector  consists  of  the  control  actions  (variable  damping  constants)  from 


the  M  actuators,  [D|  is  an  NxM  state-dependent  matrix  and  [Gpcl  diagonal  constant 

stiffness  matrix.  The  control  actions  are  computed  on  the  basis  of  the  sliding  mode  control 
theory  (Kim  and  Wang  1991;  Slotine  1984;  Utkin  1977>. 

Selecting  the  sliding  surfaces  (Figure  4)  as 

s(i)  =  yjt)  +  1X|  y^,(t),  (4) 

and  with  the  sliding  condition 

Sr- \- < -Hk  ISkI,  k=1,...,  N,„.  (.5) 

the  control  values  become 
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generalized  disturbance  (k  =  The  saturation  function  (Slotine  1984)  is  introduced 

to  form  a  boundary  layer  in  state  space  and  eliminate  control  chatter  (Figure  4),  i.e., 

I  1  with  1  < 


sat  (  — ^ 
X.-Ou- 


with  <  - 1 


■’ic 


with 


^K^lC 


The  control  action  for  every  time  step  is  'aiplemented  as  follows: 

a)  Compute  the  control  inputs  u^.  (tc=l,...,  N^,)  according  to  equation  (6) 

b)  If  all  Up,j„  <  Uj.  ^  continue  to  the  next  time  step.  Here  Un,jn  and  u^„  are  the  lower  and 
upper  constraints  of  the  actuator  action,  respectively. 

c)  If  N„  number  of  u^  have  Uj;  <  u^m  or  Uj,.  >  Un,^^,  let  these  u^  =  Un,;^  or  u^  =  Up^g,  and  re¬ 
compute  the  remaining  Nn,-N(,  U|,.s  based  on  the  Nn,-N^,  sliding  surfaces.  That  is,  the  system 
is  under  the  effect  of  .N^  number  of  passive  dampers  and  (N„,-No)  number  of  active  dampers. 
In  this  case,  (Nn,-Np)  number  of  modes  will  be  under  sliding  mode  control  and  satisfy  the 
sliding  condition  and  the  other  N\,  modes  will  still  be  under  damping. 


If  singularity  occurs  during  the  matrix  inversion  when  computing  the  control  actions,  the 
controls  are  set  to  their  previous  computed  values. 

4.  EXAMPLE  AND  SIMULATION  RESULTS 


The  presented  algorithm  is  generic  and  can  be  applied  to  various  mechanical  systems. 
However,  for  the  purpose  of  illustration  and  without  loss  of  generality,  a  simple-supportfd 
beam  is  u.sed  as  an  example  to  demonstrate  the  concept.  The  structure  is  modelled  as  an  Euler 
Bernoulli  beam  with  a  uniformly  distributed  variable  viscous  damping  layer  and  lumped 
adaptable  dampers  applying  on  it. 


The  equ.ation  of  motion  de:scribing  the  uansverse  vibration  of  the  beam  is: 


El 


0‘^w(x,t)  ,  c)w(x,t)  „d‘'w(x,t)  ,  d2w(x,t) 

3x4  3t  3,4 


3t2 


Vi,  ,  3w(x,t)  r  3w(x,t),,  , 

2,5(x-x,)  U,  (— gj —  -t-  f,sgn(  — — ))  =  F(x,t) 


(7) 


i-i 


The  boundiu'y  conditions  are: 


3^w(0,t)  ,  3‘w(L,t)  . 

3x4 

Here,  w(x,t)  is  the  transverse  displacement  of  the  beam  in  Figure  5.  F  is  the  external 
distu.'bance,  E  is  the  elastic  modulus,  1  is  the  beam  moment  of  inertia,  and  m  is  the  beam 

0w(x*t)  d^vv(x,i) 

;nass  per  unit  length,  Stx-x,)  is  a  spatial  Dirac  delta  function.  The  u|  — (3 — ^4^  I 

tenn  represents  the  uniformly  distributed,  variable  vi.scous  damping  and  stiffness.  The 
variable  damping  and  stiffness  constants  are  u  and  up,  respectively.  The  summation  terms  in 
equations  (7)  describe  the  characteristics  of  the  lumped  variable  dampers,  where  u,**’  is  the 


variable  damping  constant  of  the  i'*'  actuator  located  a!  position  x,  ,  and  Ujfr  is  the  Coulomb 
friction  force  of  the  i'*'  damper,  and  sgn(*)  is  the  sign  function. 
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In  order  to  analyze  and  evaluate  the  performance  of  the  control  system,  computer  simulations 
are  performed  for  two  cases  and  the  results  are  discussed  in  the  following  paragraphs.  For 
the  purpose  of  analysis,  two  controlled  modes  and  three  residual  modes  are  considered.  The 
parameter  values  us^  in  these  simulations  are  shown  in  Tables  I  unless  stated  otherwise. 


Table  1.  System  parameters 


El 

mL'* 

187.5  (1/s^) 

Exfterimentally-determined  coefficient  (J 

141.7  (mVs) 

Experimentally-determined  coefficient  f,  (*) 

0.04  m/s 

Un,,„  in  the  ER-fluid-based  structure 

19  Ns/m^ 

u^„  in  the  ER-fluid-based  structure 

33.7  Ns/m^ 

u^in  in  the  ER  damper 

10  Ns/m 

Uj„^  in  the  ER  damper 

1 35  Ns/m 

(*);  t\  and  Uj  are  determined  from  Stanway  et  al  ( 1987). 


CASE  ONE  : 

To  examine  the  residual  mode  effects  on  the  structure  dynamics,  the  total  energy  function  of  a 
semi-active  system  is  compared  to  that  of  a  fuily-active  system.  Here,  the  fuily-active  system 
is  also  designed  based  on  the  sliding  mode  theory  using  lumped  forces  as  control  inputs.  Two 
lumped  actuators  are  located  at  x=L/3  and  2L/3  in  both  the  active  and  semi-active  cases.  No 
constraints  are  imposed  on  the  fuily-active  actuators.  No  distributed  control  is  appi.ed. 
Assuming  no  observation  spillover,  the  influence  of  the  control  spillover  phenomenon  ir 
studied.  Concrol  gains  are  tuned  such  that  the  re.spon.se  of  the  controlled  modes  are  similar  for 
the  active  and  semi-active  cases.  In  fuily-active  systems,  energy  is  pumped  into  the  residual 
modes  through  the  actuators.  Therefore,  the  residual  modes  are  excited  when  the  control 
actions  are  on.  Once  the  control  actions  are  turned  off  after  the  controlled  mode  vibrations  are 
eliminated,  the  system  still  maintain  a  constant  energy  level  contributed  by  the  residual  modes 
(Figures  6).  In  the  semi-active  case,  the  energy  in  all  modes  are  reduced  due  to  the  dissipative 
nature  of  the  system. 

CASE  TWO. 

The  flexible  beam  is  controlled  by  the  uniformly  distributed  element  with  damping  constant  u 
and  a  lumped  damper  (U] )  located  at  x=2L/5.  The  unit  impulse  response  of  the  beam  (impact 
at  x=3L/.3/  ".;ed  to  compare  the  semi-active  system  with  two  passive  cases.  Figure  7 

illustrates  that  the  performance  of  the  semi-active  system  compared  favorably  to  that  of  the  u  = 
u,„jj  and  u  =  u^.,  (first  critical  modal  damping  without  Coulomb  friction).  This  illustrates  the 
advantage  of  using  adaptable  damping  actions. 
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5.  CONCIA  SIGNS 

EixperimeiUiil  results  show  that  it  is  feasible  to  actively  vary  the  structural  stiffness  and 
damping  by  using  a  distnbuted  KR-fluid  material  in  the  structure. 

A  semi-active  control  algorithm  based  on  the  sliding  mode  control  theory  is  developed  for 
vibration  suppression  of  flexible  structures.  The  semi-active  system  compared  favorably  to 
tvid  passisc  systems,  the  critical  and  maximum  damping  cases.  The  semi-active  system  is 
insensitive  to  the  spillover  problem  when  compared  to  a  fully-active  system. 
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Beam  vibration  control  through  strain-actuation  and  bending-twist  coupling 


I.t.  Ciregory  S.  Agnes*  lind  Dr.  Sung  W.  Ixe*" 

‘I'SAI-  Wright  Laboratory.  W17FIBGC.  Wright  Patterson  .AFB  OH  4,S43,^ 

Dcpanincnt  ot  Aerospace  lingineering.  Univ.  of  Maryland,  College  Park  MD  20742 

.AHSI'KAC'!:  Combining  strain  actuatirui  and  structural  coupling  allows  bending 
and  torsional  sibraiioii  control  ol  beams.  Iransverse  shear  and  out-of-pl;ine 
warping  are  identified  as  important  for  the  imxlelling  of  composite  beams.  .A  riniie 
element  model  for  composite  beams  which  includes  these  effects  along  with 
pie/('ceramic  actuation  is  developed  and  ajtplied  to  a  sample  problem.  The  results 
show  a  significant  increase  in  damping  in  addition  to  meeting  sensitivity  anrl 
htiiuiwidth  performance  specifications.  The  results  show  that  the  u.se  I'f  stiffness 
couplings  can  allow  niulti-tlircctional  active  vibration  contrt'l  of  beams. 


1  I.MKODLC'IION 


\dapti\e  control  of  structures  through  strain  actuation  shows  prt'inise  in  espandmg  the 
pcrtorniance  envelope  ot  aerttspace  systems.  Within  the  range  of  materials  currenilv 
available  for  strain  actuation,  piezoelectric  materials  have  been  studied  extensivcK  tor 
ajtplication  to  actively  controlled  structures  since  their  response  to  applied  voltage  is  suitable 
witliin  control  handwidths  typic.il  of  aerospace  siructurr.,.  The  piezoelectric  effect  is  isotro 
pic  in  nature  making  concurrent  bending-tw ist  act  itition  difficult. 

On  (he  other  hand,  ctmiposite  materials  ('tier  an  opportiinilx  to  realize  beneficial  struciur.i! 
i.ulonng  in  aircraft  and  spacecraft  design  by  ininxlucing  stiffness  eouplings  produced  when 
I'ltholopic  materials  arc  Lmimaieil  with  varving  ply  angles.  1-or  example,  in  rotarv  vs  me 
.nrcr.itt  applications,  bending-torsional  stiffness  coupling  can  improve  pitch  flap  stability  ol 
rcMor  blades  while  extension-ioision.il  stiffness  may  be  used  to  change  the  twist  distribution 
in  two  speed  tilt  rotors.  The  stiffness  couplings  of  laminated  comptrsiles.  usetl  in 
coniunction  with  strain  actuation,  can  also  be  exploited  to  aetivelv  control  the  vibration 
response  of  aerospace  stnicturcs. 

I  S  ( '  n-neni  O'r 


4S()  Idivc  Motniiils  iind  Ailapliw  Sinictuns 

Accordingly,  the  ohjectivc  of  this  paper  is  to  study  vibration  control  ot  composite  beams 
through  the  combination  of  piezoelectric  strain  actuation  and  stiffness  ctiupling.  This  allows 
the  benefits  of  stnictural  tailoring  to  be  incorporated  with  strain  actuation  providing  both 
bending  and  torsional  \  ihration  control  of  beams. 

:  f  lMTFT  F.LFMF.ST  .MODFiLl.NX: 


To  model  composite  beams,  both  the  transverse  shear  and  out-of-plane  warping  effects  are 
important  especially  for  beams  with  stiffness  couplings.  Consequently,  a  finite  element 
motlel  that  allows  pie/.t.K'Iectric  actuaticiii.  transverse  shear  deformation  and  cross-sectional 
warpitig  wtis  developed. 


I'hc  piezoelectric  effect,  a.ssuming  linettrity,  may  be  written: 


A  V 

pirz« 


III 


witti  t'l,,,,,,  the  induced  strain  beitig  proportional  to  the  applied  voltage,  V.  The  matrix  K 
rec'iesents  the  relation  between  applieil  voltage  and  induced  strain  and  is  both  material  and 
eeonietrv  dependant.  The  pic/oelectric  layers,  along  with  the  adhesive  layer  which  bonds 
the  piezoceramics  to  the  beam,  may,  therefore,  be  treated  .as  laminae  in  the  beam  cross 
eciion,  Accorilingly,  the  constitutive  relation  must  include  the  induced  strain  in  the  total 
strain  atnl  mav  he  wiitten: 


where  V  represents  the  strain  and  C  the  elasticity  matrix.  Therefore,  piezoelectically  induced 
strain  is  inchideil  in  the  motlel  ii  manner  analogous  to  thermally  induced  strain. 


I  he  second  effect,  trtinsverse  shear,  can  be  included  in  the  model  by  using  shear-flexible 
beam  theory  which  relaxes  the  constraint  in  Remoulli-Euler  theory  that  cross  sections  remain 
perpendicular  to  the  beam  axis.  Linder  these  assumed  kinematics,  the  beam  has  const.int 
shc.ir  through  the  cross  section.  However,  under  torsional  deformation,  plane  sections  do 
not  remain  pla.i.ir  and  the  shear  strain  is  not  constant,  a  phenomenon  referred  to  as  out-ol 
plane  cross  sectional  warping,  making  shear-flexible  theory  inaccurate.  Out-ol-plane  w  aqiing 


must  therefore  also  he  included  in  the  model. 
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Cross  sectional  svar[3inc  may  be  modelled  by  using  a  displacement  field  normal  to  the 
cross  scctittn  that  relaxes  the  assumption  that  plane  sections  remain  planar.  If  the 
(.lisplacement  field  is  continuous  in  the  cross  .section  and  weighted  by  parameters  which  are 
functions  ct'  the  axial  coordinate  integration  through  the  cross-section  may  be  performed  a 
priori  anti  t  ie  beam  vibration  problem  is  still  posed  in  terms  of  cross  sectional  properties, 
/iccordmglx',  a  truncated  polynomial  series  in  the  cross  sp.''tinal  direction  whose  weighing 
terms  are  function.,  of  the  axial  coordinate  only  was  chosen.  Denoting  the  axial  coordinate 
,;s  X  aiul  the  cross  sectional  coordinates  as  "y"  and  "z",  the  displacement  field,  u.  is; 

u  - 

•  ''  (3) 

V  -  v„(.t)  ■  cOil.t) 

le  -  hJx)  ‘  v6|(,<;) 

Only  term.,  linear  in  the  >  tir  /,  tfireciion  are  traditional/y  included  in  shear-flexible  beam 
theory.if,.  =11 ,,  f.„=0,.  I,  |  =  0_)  Iticiudieg  tenns  non-linear  in  y  and  z  in  the  assumed 
kinematics  allows  nuxlcling  of  beams  which  e.xperience  out-of  plane  warping. 

'fherefore,  by  including  the  assumed  kinematics  of  Eqn.  3  and  the  constitutive  relation  given 
by  l-iiins.  I  and  2.  fonnation  of  dynamic  finite  element  models  of  coqiposite  beams  with 
piezoelectric  actuation  is  possible.  The  composite  beam  models  were  verified  for  both  static 
and  dynamic  cases. (see  Agnes  1991;  l-rom  the  mass  and  stiffness  matrices  determined  from 
the  finite  element  model,  si.ite  space  models  may  be  fonned  and  controllers  designed  to 
suppress  beam  vibration. 

3.  EXAMPLE  PROBLEM 

As  an  illustrative  example,  a  cantilevered 
angle  ply  fiberglass! S  glass)  beam  with 
piezoelectric  crystals  hoiuled  as  shown  in 
Ligure  1  is  used.  The  ex.anijde  beam  .vas 
modeled  using  eight  three-node  beam  ele¬ 
ments.  I'sing  the  mass,  stiffness,  and 
actuation  matnees  obtained  from  tbe  finite 
element  rntKlel  and  assuming  modal  damp- 
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Figure  1  Beam  geometry. 
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Figure  2  H...  Weight.s/Cost  Function 

ing  of  (V.S'F,  a  l()*mode  approximation  was  formed.  Using  mrxiel  reduction  techniques 
iLwulted  in  a  si.x  state  statc-s[iace  design  m(Kiel  with  resonate  frequencies  of  the  beam 
occurring  a'  approximately  4,  18.  and  40  hertz. 

Next,  ;i  controller  was  designed.  Following  the  Fl„  control  algorithm  presented  by 
.Safonovt  1088),  collocated  veUK’ity  feedback  was  first  used  to  increase  the  damning  to  2.‘''F 
tirui  for  modes  1  and  2.  Mode  three  split  into  t'vo  first  order  mtxles,  'Velocity  sensing 
vs  as  performed  using  piezoelectric  strain  rate  sensors  which  produce  a  current  proportional 
to  tiic  integral  of  the  strain  rate  (wer  the  area  of  attachment. (Obal86)  The  H„  weighing 
matrices  were  then  established  to  provide  at  least  10%  disturbance  attenuation  at  frequencies 
less  that  Ihz  and  a  control  bandwidth  of  approximately  20  hz. 

An  II  optimal  controller  was  found  via  gamma  iteration.  A  plot  of  the  optimal  weights  and 
the  cost  function  may  be  seen  in  figure  2.  The  controller  performance  was  then  verified  by 
perfonning  time  simulations  to  a  random  excitation(0-20  hz.)  on  the  mtxleKsee  figure  .Tt). 
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Figure  3  Digital  Simulation  Results 

The  excitation  consisted  of  a  randotn  bending  force  and  torsional  moment  acting  at  x=X  in. 
Analog  velocity  feedback  was  begun  at  t=10  .sec.;  both  analog  and  digital  control  at  t=20 
sec.  From  the  time  simulation,  the  increase  in  damping  is  evident.  Figures  ?b-?d  show  fast 
fourier  transforms  of  the  digital  simulation.  Comparing  the  open  ItKtplFigure  ?b)  with  closed 
loopiFigure  3d)  shows  a  decrease  in  response  amplitude  by  almost  20  db.  Addition  of  the 
digital  controller  results  in  both  the  low  frequency  disturbance  attenuation(tracking)  and 
high  frequency  rolloff  specified  in  the  performance  goals. 

4.  CONCLUSIONS 

The  results  show  that  simultaneous  bending  and  torsional  vibration  control  was  made  possi¬ 
ble  through  the  combination  of  strain  actuation  with  stiffness  couplings.  An  increase  in 
damping  from  0.59f  to  over  25%  was  possible  for  the  first  three  modes.  Future  work  will 
focus  on  experimental  validation  of  the  model  and  application  of  combined  strain 
actuation/stiffness  coupling  to  wing  flutter  suppression. 
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Abstract 

The  application  and  cfTectiveness  of  an  indirect  decentralized  adaptive  control  scheme  to 
the  vibration  damping  control  problem  of  a  slowing  flexible  structure  is  addressed  in  this  paper. 
The  advocated  algorithm  comprises  of  the  following  parts:  1)  the  decentralized  frequency 
shaped  dynamic  compensator  penalizing  the  high  frequency  contents  of  the  input  signal.  2) 
the  input  preshaping  resulting  in  a  feedforward  term  that  convolves  the  reference  input  with 
a  sequence  of  impulses,  and  3}  the  frequency  domain  identification  algorithm  for  estimating 
the  system  transfer  function  and  adjusting  the  parameters  of  the  input  preshaping  scheme. 
The  proposed  control  algorithm  is  applied  in  simulation  studies  on  the  slewing  truss  structure, 
which  has  been  developed  at  the  Control/Robotics  Research  Laboratory  (CRRL),  in  order  to 
experiment  with  control/structure  interaction  problems. 


1.  Introduction 

The  control/structure  interaction  problem  is  primarily  centered  on  the  design  of  controllers 
to  compensate  for,  or  to  be  robust  in  the  presence  of  structural  flexibility  imbedded  in  a  flexible 
structure  system. 

Application  of  indirect  adaptive  schemes  in  the  control  problem  of  large  flexible  struc¬ 
tures  is  motivated  by  several  factors,  such  as  providing  a  closed  loop  system  with  reduced 
sensitivity  due  to  modeling  uncertainties  caused  by  potential  aging  structure  deformation, 
parameter  variations  due  to  varying  payloads,  and  others.  Indirect  adaptive  control  schemes 
attempt  to  decrease  the  effects  of  plant  uncertainty  by  identifying  the  system  on-bne,  and 
subsequently  updating  the  controller  parameters.  Such  adaptive  schemes  therefore  consist  of 
two  components  the  controller  and  the  identification  scheme. 

Transfer  function  identification  algorithms  can  been  classified  into  either  frequency  or  time 
domain  schemes.  The  main  characteristic  of  frequency  domain  identification  methods  is  that 
the  input  signal  is  transformed  to  frequency  domain  before  adaptive  filtering  is  applied.  The 
proposed  controller  structure  shown  in  Figure  1,  is  comprised  into  1 )  a  decentralized  frequency 
weighted  low  -order  output  feedback  controller,  and  2)  an  input  precompensator  which  shapes 
the  reference  input  in  such  a  way  that  the  vibrational  modes  are  not  excited.  The  advocated 
algorithm  is  demonstrated  in  simulation  studies  on  the  CRRL  flexible  structure  testbed  facility. 

In  the  next  sections  the  experimental  setup  and  the  advocated  control  algorithms  are 
described  analytically,  while  several  issues  related  to  their  real  time  implenicntation*are  ad¬ 
dressed. 
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In  this  section  a  brief  description  of  the  apparatus  considered  in  this  work  is  provided. 
The  CRRL  control/structure  interaction  testbed  facility  consists  of  a  two  dimensional  truss 
structure  with  one  active  member  situated  on  the  horizontal  plane  as  shown  in  Figure  1. 
The  struts  and  the  nodes  of  the  truss  are  the  same  as  the  ones  used  in  NASA's  testbed 
facilities.  One  of  the  struts  has  been  replaced  with  a  threadless  mechanical  screw-type  linear 
actuator  with  backlash  less  than  0.001  inches  manufactured  by  Rohlix.  One  of  the  nodes  is 
attached,  through  a  hub  assembly,  to  a  direct  drive  dc-motor  manufactured  by  Dynaserve 
{DM1015B)  capable  of  producing  1.5  N-m  torque.  The  Dynaserve  motor  has  ±2  arc-sec 
repeatability,  and  can  be  utilized  for  large  angle  maneuvers  as  well  as  micropositioning  due  its 
high  encoder  resolution  (6.').5,360  The  servo  driver  incorporates  an  analog  speed  input 

signal  and  includes  temperature,  low  voltage,  encoder  and  CPU  abnormal  alarms.  Additional 
sensing  devices  include  Kistler  accelerometers,  and  an  F/T  15/50  Force  Sensor  manufactured 
by  ATI,  Inc.  capable  of  sensing  forces  and  torques  in  all  three  directions.  The  primary 
computing  facility  includes  two  IBM  386-machines  equipped  with  digital  signal  processor 
boaids  (TMS320C30-based)  for  the  number  crunching  requirements  of  the  proposed  real¬ 
time  control  algorithm. 

The  reduced  finite  element  model  of  the  structure  provides  the  following  modal  frequencies, 
with  their  associated  mode  shapes  shown  in  Figure  2.  From  a  control  viewpoint,  the  system 
has  two  inputs,  the  voltage  applied  to  the  motor  tii  and  the  force  exerted  by  the  active 
member  r/j,  while  the  outputs  include  the  shaft  angular  position  and  the  truss  structure  tip 
displacement  measured  in  the  plane  of  revolution  (Figure  1). 

111.  Controller  Design 

A.  Decentralized  Compensator 

A  frequency  weighted  linear  quadratic  regulator  in  a  decentralized  structure  framework  is 
employed  in  order  to  suppress  the  vibrations.  The  reasons  for  utilizing  a  frequency  dependent 
weighting  is  due  to  the  fact  that  the  available  model  may  neither  reflect  accurately  the  effects 
of  high  frequencies  nor  include  the  high  frequency  effects  all  together.  Furthermore,  actuator 
and  sensor  dynamics  may  inhibit  inputs  in  the  neighborhoods  of  these  frequencies.  Moreover, 
the  decentralized  framework  will  allow  a  simpler  and  more  feasible  implementation  of  the 
feedback  controllers. 


Controller  Design  II 


A%1 


Figure  2:  Truss  Structure  Mode  Shapes. 


Consider  the  following  truncated  model  of  the  truss  structure 

2 

Mi  +  Kx  +  (qM  +  0K)i  =  ^  B,u,.  y,  =  C,x,  i  =  \.2.  (1) 

1=1 

w'hore  i  is  the  state  vector,  M  and  K  the  mass  and  stiffness  matrices  respectively,  q  and 
3  parameters  resulting  in  a  59c  structural  damping  over  the  frequencies  of  interest,  and 
j/2  correspond  to  the  shaft  angular  position  and  tip  position  respectively.  The  decentralized 
dynamic  stabilizing  compensator 

i,  =  f,2,  +  G.j/i,  u,  =  H,z,  +  M,y,:  i  =  1,2.  (2) 

that  minimizes  the  following  cost  function 

J  =  ir  +  E  U:u-')R,(^)U,(^)]  d^-  .  (3) 

XJ-x, 

where  (?  >  0  is  a  positive  semidefinite  Hermitian  matrix,  i  =  1,2  are  the 

frequency  dependent  matrices,  and  wi  and  correspond  to  the  first  and  last  modal  frequen¬ 
cies  (Figure  2)  from  the  structure  truncated  model  reduces  to  the  solution  of  a  non~convex 
nonlinear  optimization  problem  [1,  2]. 

Effectively,  this  choice  of  penabzes  more  the  high  frequencies  than  the  low  frequency 
controls  in  channel  i,  which  causes  a  reduction  in  the  t’^  loop  gain  of  the  closed-loop  system 
at  the  high  frequencies  which  in  turn  also  compensates  for  the  high  frequency  uncertainties  in 
the  plant  model  related  to  channel  i. 

B.  Adapth'f  Prtcompensation 

Despite  the  rapid  growth  of  feedback  algorithms  for  control/structure  interaction,  there 
has  been  relatively  little  focus  upon  the  idea  of  shaping  the  input  in  such  a  way  that  the 
vibrational  modes  are  not  excited. 

Input  shaping  schemes  adjust  the  input  command  to  the  structure  so  that  vibrations  are 
eliminated  [3,  4].  The  input  compensators  can  be  designed  in  cither  the  frequency  domain 
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sec 

Figure  3:  Transfer  function  magnitude  response, 
resulting  in  bandstop  or  notch  filter  structure  centered  around  the  modal  frequencies  [5],  or  in 
the  time  domain  [5,  6,  7,  8]  corresponding  to  a  feedforward  term  that  convolves  in  real-time 
the  desired  reference  input  with  a  sequence  of  impulses  having  appropriate  magnitudes  and 
spacing  within  the  time  domain. 

In  the  sequel,  the  basic  relationships  for  the  amplitudes  Aj  j  and  the  spacing  between 
the  impulses  are  presented.  Assume  that  the  modal  frequencies  u-y  and  modal  damping  (/ 
of  the  system  governed  by  the  equations  (1)  are  known  a  priori;  then  the  solution  for  the 
advocated  impulse  amplitudes  and  their  relative  spacing  is  : 


l<I 


(4) 


where  the  impulses  with  amplitudes  Ajj  are  responsible  for  producing  a  vibration  free  output 
from  the  effects  modal  frequency.  Internal  system  balancing  [9]  indicates  that  the  second 
modal  frequency  state  component  is  the  dominating  one  between  the  motor  voltage  and  tip 
displacement  transfer  function.  This  can  be  further  verified  from  the  aforementioned  transfer 
function  magnitude  frequency  response  shown  in  Figure  3  (prior  and  after  the  application  of 
the  decentralized  feedback  control). 

The  robustness  of  time  domain  precompensators  to  modal  frequency  variations  is  improved 
by  convolving  the  input  with  a  longer  sequence  of  impulses,  the  tradeoff  being  a  decrease  in 
the  transient  response  speed. 

An  adaptive  precompensator  [8]  can  be  implemented  by  estimating  on-line  the  modal 
frequencies  and  sub.sequently  updating  the  spacing  between  the  impulses.  The  combined 
adaptive  input  preshaping  scheme  provides  the  most  rapid  slew  that  results  in  a  vibration  free 
output,  since  it  can  provide  the  same  robustness  with  less  number  of  impulses. 

C.  Transfer  Function  Identification  Scheme 


The  frequency  domain  identification  scheme,  called  Time  varying  Transfer  Function  Esti¬ 
mation  (TTFE)  [10,  11]  is  employed  for  the  on  line  identification  problem  of  the  flexible  truss 
structure  transfer  function,  denoted  accordingly  by  H(k). 

Let  the  input  signal  u(n)  and  output  y(n)  arc  accumulated  into  buffer  memories  to  form 
A'-point  data  blocks  These  blocks  arc  then  transformed  by  A'-point  Fast  Fourier  Transforms 
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(FFTs)  to  their  equivalent  frequency  transformed  blocks  I/,  Y  at  the  time  instant;  that  is, 


U(k)= 

Uo(k) 

U,{k] 

=  r 

u{k) 

=  Tu(k),Y(k)= 

Yo{k) 

V'.(t) 

=  T 

y(k) 

y{k-i) 

.  l’N-,{k)  . 

_  li(i-A’-H)  _ 

.  VV-i(t)  . 

1 

.  y{k-  N  +  i) 

(5) 

2wij 

where  IF  corresponds  to  the  Fourier  operator  applied  to  an  (A  x  1)  vector,  (IF,j  =  n  ‘,t  = 
=  1, . . .  ,iV),  and  the  notation  u(k)^  y{k)  has  been  adopted  for  the  indicated  vectors. 
Within  this  frequency  domain  framework,  the  simplest  form  of  frequency  domain  identification, 
called  Empirical  Transfer  Function  Estimate  (ETFE),  is  to  form  an  estimate  of  the  transfer 
function  at  time  k,  0,(fc),  as  the  ratio  of  the  output  transform  to  input  transform  in  the 
manner  &,(k)  =  for  t  e  {0  <  i  <  A’  -  l,U,(k)  /  0},  where  i  corresponds  to  bin  in 

the  frequency  domain,  and  0’(fc)  is  the  complex  conjugate  of  0,(fc). 

TTFE  updates  the  frequency  components  in  the  time  domain  through  a  recursive  adapta¬ 
tion  algorithm  such  as  recursive  least  squares,  or  least  mean  squares.  The  adjacent  frequency 
components  need  not  necessarily  be  independent,  so  that  a  smoothing  of  the  transfer  func¬ 
tion  is  realized.  The  weighted  complex  RLS  algorithm  based  on  the  input-output  model 
Y\ik)  =  H,{k  -  \  )l\{k  -  1)  is  utilized  in  the  manner 


O. (k) 

P. (k) 


Q,{k-  1)  + 


p,{k  -  \)u:{k  -  \) 


Q. 


D- 


o,  +  V,{k-l)P,{k-l)l';[k-\) 

P,{k  -  \)U:{k  -  \W,(k  -  DP,(k  -  1) 


[Y,{k)  -  e,(k  -  i)i\(k  -  D] 


a,  +  U,{k-  \)P,(k-\)V:{k~  1) 


(6) 


where  i  =  1,...,A’,  the  forgetting  factor  o,  satisfies  0  <  o,  <  1.  and  P,  corresponds  to  the 
covariance  matrices  of  RLS.  In  case  of  a  sudden  change  of  .system  dynamics,  this  recursion 
results  in  a  smooth  transient  from  the  old  transfer  function  to  the  new  one.  This  represents 
a  substantial  difference  with  the  nonrecursive  ETFE  technique  which  suffers  a  less  smooth 
transition  due  to  the  assumption  of  orthogonalized  input-output  data  blocks. 

The  large  computational  burden  of  TTFE  related  to  the  frequent  calculation  of  input  and 
output  Fast  Fourier  transforms,  can  be  alleviated  by  recursively  updating  the  FFTs  rather 
than  explicitly  computing  them  at  each  time  instant.  The  recursive  implementation  of  the 
FFT  can  be  exploited  by  utilizing  the  circular  symmetrical  property  arising  from  the  definition 
of  the  FFT  operator  [12,  13]. 

The  final  step  of  the  TTFE  algorithm  is  to  determine  the  locations  of  poles  and  zeros  from 
the  frequency  domain  representation  of  the  transfer  function.  By  determining  the  locations 
of  the  poles  and  the  zeros  of  the  system,  as  the  peaks  and  the  valleys  of  the  magnitude 
frequency  response,  TTFE  can  detect  changes  to  the  system  and  tune  the  controller  parameters 
accordingly. 


rV.  Conclusion 

A  decentralized  adaptive  controller  was  applied  through  simulation  studies  on  the  CRRL 
flexible  truss  structure  dynamic  model  for  reducing  the  residual  vibrations.  The  resulting 
controller  penalizes  the  high  frequency  contents  of  the  input  signal,  and  reshapes  the  refer¬ 
ence  input  in  such  a  way  that  the  vibrational  modes  are  not  excited.  Research  is  currently 
undergoing  on  applying  the  aforementioned  scheme  on  the  experimental  setup. 
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N'onobstructive  particle  damping  nonlinear  characteristics 


H.V''.  Panossian 

Rockwell  lnternati(>nal/Rocketdyne  Division,  6633  Canoga  Avenue.  Canoga  Park, 

(A  91303 

AB.S  I  RA(  I  ;  t  his  paper  presents  the  nonlinear  characteristics  of  Nonobstructive 
Particle  Damping  ( NOPD).  NOPD  is  a  newpas.sive  vibration  damping  technique  that 
consists  of  making  small  diameter  holes  (or  cavities)  at  appropriate  locations  inside 
ihe  mam  h  .ad  paths  of  a  vibrating  structure  and  filling  these  holes  to  appropriate  lev¬ 
els  with  metallic  or  nonmetallic  particles  in  powder,  spherical,  or  liquid  form  (or  mix¬ 
tures).  Ihe  test  results,  which  indicate  clear  nonlinear  behavior,  are  presented  and 
discus,sed  briefly. 


1.  INTRODUCTION 

Viscoelastic  materials  obey  differential  and  integral  stre,s.s-strain  relationships  relating 
to  stres.ses.  strains,  and  their  time  derivatives  (Hilton  1991 ).  The  energy  dis.sipation  mech¬ 
anism  is  mainly  a  complex,  highly  frequency-dependent,  material-.sensitive  viscous  pro¬ 
cess  with  one  or  more  viscosity  coefficients  unrelated  to  structural  damping  (Hilton 
1964).  In  general,  viscous  damping  entails  Newtonian  flow,  with  stres,ses  and  strain  velo¬ 
cities  proportional  to  each  other.  Moreover,  structural  damping  is  fairly  well  character¬ 
ized,  and  damping  coefficients  for  regular  materials  are  abundant.  Its  interpretation  in 
terms  of  vi.scous  damping,  however,  is  not  so  clear  (Dahl  1976).  Linear  and  nonlinear 
formulations  have  appeared  in  the  literature  on  solid  friction-damping  mechanisms  in 
mechanical  oscillations.  Oscillation  amplitude  decay  has  been  linked  to  coulomb  fric¬ 
tion.  viscous  damping,  and  structural  damping  at  various  frequency  and  amplitude  condi¬ 
tions. 

The  nonobstructive  particle  damping  (NOPD)  technique  entails  making  small  holes  (or 
cavities)  at  analytically  determined  (and,  when  pos,sible,  experimentally  verified)  loca¬ 
tions  inside  the  main  load  path.s  of  a  vibrating  .structure  in  appropriate  areas  and  filling 
these  holes  to  proper  levels  with  such  particles  as  to  yield  maximum  damping  effective¬ 
ness.  A  specific  vibration  mode,  or  several  modes,  can  be  addressed  in  a  given  .structure. 
Powders,  spherical,  or  irregular  particles  in  metallic,  nonmetallic,  or  liquid  form  (or  even 
mixtures)  with  different  densities,  viscositie.s,  and  adhesive  or  cohesive  characteristics  can 
be  used.  (Panos.sian  1990,  1991a.  and  1991b). 
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2.  NOPD  NONLINEAR  CHARACTERISTICS 

F'xperimental  modal  survey  tests  were  carried  out  in  the  Rocketdyne  Engineering  Devel¬ 
opment  Laboratory  (EDL)  on  two  24-inch  by  3-inch  by  3/4-inch  aluminum  beams  under 
free-free  conditions,  and  various  modal  and  vibration  data  were  generated.  Acceleration 
and  strain  measurements  were  taken  on  five  equidistant  points  on  each  beam.  One  of 
the  beams  had  seven  2-mm  diameter  holes  along  the  length,  and  the  other  had  thirteen 
2-mm  diameter  holes  along  the  width.  The  holes  were  filled  with  various  particles  and 
tested  for  damping  effectivene.ss  under  different  excitation  levels. 

The  tests  were  performed  by  suspending  each  beam  from  two  rubber  bands  and  exciting 
it  using  an  electomechanical  exciter  with  a  load  cell  at  the  stinger  tip  near  one  of  its  ends 
(Figure  1).  Five  acceleration  and  four  strain  measurements  were  taken  at  equidistant 
points  on  the  beam  with  the  two  accelerometers  placed  at  the  opposite  corners  of  both 
ends.  Frequency  response  functions  (FRFs).  power  spectral  densities  (PSDs).  time  histo¬ 
ries,  and  other  appropriate  data  were  evaluated  to  study  the  damping  ratios,  mode 
shapes,  and  frequencies. 

The  seven  equidistant  2-mm  diameter  holes  drilled  along  the  length  (in  the  neutral 
plane)  of  the  first  aluminum  beam  were  partially  filled  (about  90%)  with  tungsten  pow¬ 
der,  zirconium  oxide  powder,  and  steel  shots  (0.01 1  in.  diameter).  The  beam  was  excited 
with  a  shaker  with  slow  swept  sinusoidal  inputs  between  10  to  1.600  Hz  applied  at  one 
corner  of  the  beam  from  the  opposite  side  of  the  accelerometer.  The  FRFs  were  gener¬ 
ated  under  empty  and  filled  conditions  and  overlaid  (Figure  2).  The  plot  is  that  of  the 
first  bending  mode  at  about  273  Hz  when  empty.  The  overall  FRF  up  to  1.600  Hz  is 
shown  in  Figure  3. 

Figure  4  shows  the  dramatic  response  reduction  by  two  of  the  many  kinds  of  particles 
u.sed.  As  can  be  seen,  the  accelerance  amplitude  when  the  holes  are  empty  is  55g/lb  at 
275  Hz  frequency  while  with  .steel  shots,  it  reduces  down  to  0.88  g/lb  at  267  Hz.  The  cor- 
re.sponding  damping  ratios  at  an  input  excitation  level  of  3  Ibf  are  0.01%  of  critical  when 
empty,  1.3%  with  .steel  shots,  and  3%  with  tungsten  powder.  The  damping  effectiveness 
is  increa.sed  with  amplitude  of  excitation  in  a  rather  nonlinear  behavior.  Figures  5  and 
6  show  the  overlays  of  FRFs  for  steel  and  tungsten  powder  under  input  forces  of  1  Ibf, 
2  Ibf,  3  Ibf,  4  Ibf.  and  5  Ibf.  The  accompanying  Nyquist  plots  show  a  clear  indication  of 
nonlinear  behavior.  Normally,  the  presence  of  coulomb  friction  and  other  nonlinear 
damping  characteristics  exhibit  such  behavior  (Fwins  1986).  There  have  been  other  test 
results  that  also  provide  sufficient  proof  to  conclude  that  the  NOPD  mechanisms  involve 
friction  type  of  nonlinearities,  among  others. 

Recent  tests  on  particle  impact  force  profiles  have  exhibited  what  can  perhaps  be  charac¬ 
terized  as  exponential  nonlinearities  of  impact  force  relations  with  beam  velocity  and  dis¬ 
placement.  This  effect  is  being  further  analyzed. 

3.  CONCLUSIONS 

The  NOPD  technique  is  a  very  effective  vibration  damping  technique  that  has  potential 
applications  in  all  areas  of  .structural  vibration  and  acou.stics.  The  test  results  show 
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Figure  1.  Free-Free  Beam  Tests  in  Air  Figure  2.  First  Free-Free  Bending  Mode 


effectiveness  in  both  high  and  low  frequency  ranges.  Moreover,  the  NOPD  concept  is 
simple,  easy  to  implement  (holes  and  particles  can  be  imbedded  as  part  of  the  manufac¬ 
turing  process  of  the  structure),  and  is  relatively  inexpensive.  It  has  advantages  over  vis¬ 
coelastic  damping  because  its  effectiveness  is  independent  of  environments  and  frequen¬ 
cy.  It  has  more  mechanisms  for  energ'/  '^ic.sipation.  does  not  add  mass  (it  can  often  reduce 
mass),  and  does  not  degrade  in  time  (among  others).  Furthermore,  damping  can  be  opti¬ 
mized  through  experiment  and  analyses  by  choosing  the  right  locations  and  size  of  holes 
in  a  structure,  and  by  determining  the  optimal  size-shape-kind-mixture  of  particles 
used. 

Further  research  is  nece.ssary  to  characterize  the  nonlinearities  analytically  as  well  as  un¬ 
derstand  and  model  the  mechanisms  involved  in  vibration  energy  dissipation.  A  whole 
new  technology  similar  to  and  complementing  viscoelastic  damping  can  result  from  this 
approach  given  sufficient  research  and  development  with  analytical  modeling  capabili¬ 
ties. 
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Figure  3.  FRF  of  Empty  Cross-Holed  Figure  4.  Damping  Effectiveness  of 

Beam  Free-Free  in  Air  NOPD  with  3  Ibf  Excitation 
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Figure  5.  Free-Free  Beam  Excitation 
Level  Comparison  Under  NOPD 
Treatment  With  0.01 1  in.  Steel  Shots. 
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Figure  6.  Free-Free  Beam  Excitation 
Level  Comparisons  Under  NOPD 
Treatment  With  llingsten  Powder. 
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Structural  motion  control  by  analytic  determination  of  optimum  viscoelastic 
properties 

Harry  H  Hilton  and  Snnp;  \'i 

ArronantiraJ  and  Astronantiral  Enoiinecrinn;.  University  of  Illinois  at  Urhana-Chain- 
paign,  Urbana.  IL  GlSOl-2997 

ABSTRACT:  Master  relaxation  rurv<'s  are  analytically  generated  and  their  paramet¬ 
ric  influences  on  complex  moduli,  ston'd  and  dissipated  energies  for  and  responses 
to  several  loading  conditions  an'  evaluatefl.  These  pilot  studies  provide  the  basic 
knowledge  on  how  to  control  viscoelasti<'  structural  motion  through  proper  slection 
of  material  properties  and  what  "de.signer  materials"  are  to  be  mtmufactured  for 
given  service'  environments  <uid  re<iuirem<'nts. 


1.  IXTRODUCTIOX 

Material  selection  must  be  based  on  service  perfonnaiU''  in  pres'— -bed  <'uvironments. 
\  isco('lasf ic  damping  materials  may  be  us('d  to  re<lnce  vibration  amplitunes  and/or  ttj 
decay  motion  in  pn'seribed  timt's  by  conv('rting  nu'chanical  eiu'rgy  into  heat.  Got- 
tenberg  arnl  C'hristen.st'n  (19G4|  experimentally  obtained  complex  slu'ar  moduli  for 
isotropic  viscfteiastic  materials  in  the  fretiuency  domain  and  relaxation  functions  by 
taking  Fourier  transform.^  of  complex  mothili.  Bert  ( 1973)  rt'viewt'd  the  variotts  matht'- 
maf  ical  moflels  necessary  to  represent  material  damiting  behavittrs  and  the  experiinenl al 
fechni'jues  tieeded  to  determine  flamjtiiig  cliaractf'ristic.s.  Jones  (  19S1)  studied  comjrk'x 
moduli  of  damping  materials  at  reduced  temiterat tires  and  in  reducetl  frequency  do- 
mai.is,  Rogers  ( 1981 )  proposed  that  the  damping  clituacteristics  of  viscoelastic  materi¬ 
als  can  be  timdyzed  using  fractional  derivative  representations  and  Sim  and  Kim  ( 1990) 
proposed  a  method  to  estimate  material  jiropertit's  of  isotropic  visctx'lastic  materiiils. 
.•\n  extensivi-  literaturt'  review  may  be  founil  in  Hilton  and  Vi  ( 19911) ), 

2.  DISCUSSION  OF  RESULTS 

Hilton  and  Vi  (1991b)  have  shown  that  the  im]>ortant  characterixation  paramett'rs  for 
vi:  oelasfic  material  master  relaxation  curves  art  the  maximum  G-'(O)  anrl  minimum 
modulus  values,  the  slo])e  of  the  transition  region  anti  the  tinm  span  >)f  tlie  relaxation. 
The  rt'laxation  modulus  curves  are  analytically  generatetl  for  each  ])arameteric  set 
defining  the  3  regions  shown  in  Fig  I.  These  master  relaxation  cuiues  are  then  curve 
fitted  by  least  s(|uares  onto  Prony  si-rics  (Hilton  19G4)  using  tlit'  inultidata  method  of 
Cost  and  Becker  (  197()i  and  the  relaxation  time  ap]>roximations  of  Schapery  (19G2). 
Figs  1  to  3  illustrate  the  seven  distinct  relaxation  slieai  nuxluli  curvi's  for  viscoi'lastic 
materials  generated  fa  each  parauieteric  set  The  curvi'  Ml  is  the  ‘'standard  with 
whieh  comiiarisous  aie  made  Three  niasier  curves  for  the  relaxation  moflulus  with 
>  I'M,'  |(  )(>  r  !  ul 
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Fig  1  Time  dependent  shear  modidi 


Tbne  (aeca) 

Fig  3  Time  dependent  shear  moduli 


Fig  2  Time  dependent  shear  moduli 


different  values  are  plotted  with  the  G^/GAfi(0)  values  taken  as  0.2,  0.15.  and 
0.1  respectively  while  all  other  parameters  do  not  change  for  the  three  curves  Ml.  M2 
and  M3.  Similarly,  curves  Ml,  M4,  M5  wdth  different  slopes  of  the  relaxation  modulus 
of  1.0,  1.05  and  1.1  are  depicted.  The  three  curves  Ml,  M6,  M7  with  the  different 
normalized  G(0)  values  with  respect  to  the  Ml  G(0)  value  are  also  shown. 

The  complex  moduli  can  be  obtained  by  taking  Fourier  transforms  of  the  constitutive 
eciuations  in  the  time  domain  and  curves  Ml.  M2,  M3.  M4.  M5,  M6  and  M7  are  plotted 
in  Figs  4  to  C.  Rapid  relaxation  of  the  storage  motlulus  (the  real  part  of  complex  shear 
modulus)  from  the  unrelaxed  to  the  relaxed  values  are  ob.scrved  while  the  peaks  in 
the  loss  modulus  (the  imaginrury  part  of  complex  modulus)  occur  during  the  same 
frequency  range.  At  the  two  storage  moduhis  values  G(0)  and  G'*,  the  loss  moduli 
converge  to  zero.  The  results  show  that  the  storage  modulus  curves  in  the  u>  plane  are 
mirror  images  of  the  relaxation  modulus  curves  in  the  time  plane.  The  maximum  and 
minimum  storage  modulus  values  correspond  to  the  maximum  and  minimum  values  of 
the  relaxation  modulus  respectively.  The  frequency  span  from  the  minimum  storage 
modulus  value  to  the  maximum  one  rovers  approximately  the  same  number  of  decades 
ns  the  time  duration  from  the  initial  moduhis  to  the  relaxed  value  with  w'  %  l/t. 
Decreases  in  G^  result  in  decreases  of  storage  modulus  values  and  increa.ses  in  loss 
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modulus  values  in  the  low  frequency  region.  Fig.  -5  shows  that  increases  of  transition 
region  slopes  result  in  increases  of  loss  modulus  maximum  peak  values  in  the  frequency 
domain.  Fig  6  shows  that  an  increase  in  the  initial  modulus  G(0)  values  yields  increa.ses 
in  both  storage  modulus  and  loss  modulus  values  ir  the  high  frequencies  region. 


Ptvquency  (rwltoe)  PrequenQt  (thI/wk) 

Fig  5  Storage  i;  loss  moduli  vs  frequency  Fig  G  Storage  loss  moduli  vs  freciuency 

In  Figs  7  to  9.  the  energies  dissipated  by  a  one  dimensional  unit  step  shear  strain 
loading  are  compared.  The  same  energies  for  ciirves  Ml,  M-2  and  M3  are  dissipaU.-il 
up  to  t=10'’  secs  since  the  material  properties  change  only  after  t=10'*  .secs.  However, 
the  lo.ss  energies  after  t=10^  secs  are  directly  projwrtional  to  the  decreasing  values  of 
G'^.  For  these  examples  changes  in  relaxation  modulus  slopes  do  not  influence  the 
total  dissipated  energy  up  to  10*  sec.  Fig  9  shows  that  an  increase  in  initial  modulus 
values  results  in  an  increase  of  energy  loss  throughout  the  loading  history.  After  the 
moduli  are  fully  degraded,  the  amounts  of  dissipatetl  energy  for  M2  and  M3  are  the 
same  as  those  for  MG  and  M7  respectively.  The  amounts  of  energy  lost  for  the  unit 
step  lf)ading  are  proportional  to  the  rate  of  relaxation  i.e.,  (G{0)  —  G'^)/{to  — 
However,  in  the  transition  region  cases.  MG  and  M7  dissipate  more  energies  than  M2 
and  M3,  since  the  viscoelastic  material  pro])ei  ties  for  MG  ami  M7  chang<’  at  early  times 
and  then  influence  the  energy  loss  tlirough  the  remaining  loading  history. 


Fig  7  Dissipated  energies  for  a  unit  step  pjg  g  Di.ssipated  energies  for  a  unit  step 
strain  loading  strain  loading. 
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Fig  9  Dissipated  energies  for  a  unit  step  Fig  10  Dissipated  energies  for  a  unit  step 
strain  loading  stress  loading 

A  unit  step  stress  is  applied  to  a  viscoelastic  bar  and  the  results  show  that  the  amount 
of  energy  dissipated  by  unit  stress  excitations  is  larger  than  that  obtained  by  a  unit 
strain  loading.  For  the  strain  loading  cases,  the  energies  dissipated  in  Ml.  M2,  and 
M3  are  linearly  proportional  to  the  changes  in  initial  modulus.  However,  as  shown 
in  Fig  11.  the  loss  energies  for  the  stress  loading  are  highly  non-linear,  .\fter  the 
viscoelastic  materials  are  fully  relaxed,  large  differences  in  energy  losses  for  cases  .Ml. 
M2,  and  .\I3  are  observed  in  Fig  10.  In  Fig  12.  it  is  seen  that  changes  in  relaxation 
rc’gion  slopes  do  not  affect  the  total  dissipation  energy  after  the  full  degradation  of 
viscoelastic  material  properties  tak<'s  place,  but  they  affect  energy  losses  in  transition 
regions.  Fig  12  illustrates  that  changes  of  O'(0)  values  also  do  not  greath-  influence  the 
energies  dissipated  by  a  unit  step  force  excitation. 


Tkne  (»«■)  Tbnv  (iwcs) 

Fig  11  Dissipated  energies  for  a  unit  step  Fig  12  Di.s.sipated  energies  for  a  unit  step 
stress  loading  stress  loading 

Next  shear  excitation  strains  -yff)  =  7o  sinfftt)  are  investigated.  When  steady-state 
harmonic  conditions  are  considered,  the  viscoelastic  stresses  will  also  respond  sinu¬ 
soidally.  however,  stresses  will  lag  behind  strains  by  a  phase  angle  since  viscoelastic 
responses  are  dependent  on  time,  frequency,  temperature  and  moisture.  The  energy 
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dissipated  per  eycle  and  the  niaximimi  energy  stored  per  cycle  are  calc\ilated  and  plot- 
t('d  in  Figs  13  to  15  against  the  driving  firapiency.  The  energies  stored  by  the  spring 
components  over  a  complete  loading  cycle  are  zero  and  the  shapes  of  curves  for  jjeak 
erw'rgif's  stored  per  cycle  and  for  energy  losses  per  cycle  are  similar  to  the  complex 
mochdi  reid  and  imaginary  parts  respectively.  The  results  show  that  no  energies  are 
dissipated  at  low  anfl  high  driving  frequencies  where  viscoelastic  materials  behave  like 
elastic  materials.  The  peaks  in  the  energy  loss  curves  and  the  spans  of  those  peaks  in 
the  frequency  domain  cover  the  same  number  of  decad<'s  as  the  relaxation  time  periods. 
Figs  13  and  15  show  that  decreasing  the  fidly  relaxed  modulus  values  and  increasing  the 
instantaneous  modulus  result  in  ('xpanding  the  peaks  of  the  dissijiated  energy  curves 


W*  r’  O*  b’  »*  b’  b*  b*  b’  b*  p’  b'  d*  b'  b^ 

Forcing  FVwpiency  (rad%ec)  Forcta^  Praquemy  (rad/wc) 


Fig  13  Max  stored  dissipated  eix'rgies  Fig  14  Max  stored  dissipated  (uiergies 
pel  cycle  \  s  ihiving  frcq,.:-iicy  per  cycle  vs  driving  frequency 


to  the  lower  and  higher  driving  frecjuency  re¬ 
gions  respectively.  Fig  14  illustrates  that  in- 
crea,sing  the  slope  of  the  transition  region  in 
the  master  relaxation  curves  yields  increases 
in  the  peaks  of  the  tlissipated  energ\-. 
.4dditional  examples  were  calculati'd  using 
finite  element  techniques  for  anisotropic  vis¬ 
coelasticity  (Hilton  and  Yi  1990.1991a)  are 
given  by  the  authors  in  (1991b). 

O  ^  o’  o’  o'  b'  o'  o'  b’ 

ForHng  Frcqtancy  (rwl/Mrc) 

Fig  15  Max  stored  k:  dissipated  energies 
]>er  cycle  vs  driving  fretiuency 

3.  CONCULUSIONS 


The  foregoing  pilot  studies  indicate  that  by  i>roperly  shaping  master  relaxation  modulus 
curves  in  the  real  time  plane,  it  is  possible  to  control  rates  of  dissi])ation  energy  as 
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well  as  the  time  occurrence  of  such  dissipation  phenomena.  These  in  turn  dictate  the 
motion  of  viscoelastic  bodies.  It  must,  of  course,  be  noted  that  each  set  of  loadings  and 
geometries  produce  unique  conclusions  and  further  detailed  investigations  are  necessary 
for  other  types  of  loading  and  boundary  conditions  and  for  more  complicated  material 
characterizaf i' >iis,  such  as  nonhomogeneous  anisotropic  viscoelasticity  which  directly 
relates  to  composites.  The  latter  will  then  answer  questions  of  how  to  best  manufacture 
the  polymeric  matrix  itself  as  well  as  how  to  best  orient  fibers  and  stack  composite 
layers  for  specific  service  conditions.  Additional  independent  constraints,  such  as  cost 
and  minimum  structural  weight,  can  also  be  imposed  on  this  analytical  formulation  of 
such  "designer  materials". 

REFERENCES 

B('rt  C  W  1973  Material  Damping:  .411  Introductory  Review  of  Mathematical  Models. 

Measures  and  Experimental  Techniques  J  of  Sound  and  Vibr  29  129-153 
Cost  T  L  and  Becker  E  B  1970  .A  Multidata  Method  of  .Approximate  Laplace  Transform 
Inversion  Int  J  Num  Mf.th  Eng  2  207-219 

Goftenberg  VV  G  and  Christensen  R  M  1964  .An  E.x/jeriment  for  Determination  of  the 
MechaniccJ  Porperty  in  Shear  for  .A  Linear.  Isotropic  Viscoelastic  Solid  Inf.  J  Eng 
Sc.i  2  45-57 

Hilton  H  H  1964  Viscoelastic  Anah'sis  Engineering  Design  for  Plastics  Reinhold  Pub 
Corj)  New  York  199-276 

Hilton  H  H  and  A’i  S  1990  Bending  and  Stretching  Finite  EL’inent  .Analysis  of  .Anisotro¬ 
pic  A’iscoelastic  Composite  Materials  Proc.  of  Third  Air  Force./ N  AS  A  Symposium  on 
Recent  Advances  in  Multidisciplinary  Analysis  and  Optimization  4SS-494 
Hilton  H  H  and  Yi  S  1991a  Dynamic  Finite  Element  .Analysis  of  \'isco('la,sticaJly 
Damped  Composite  Structures  Proceedings  of  2nd  International  Conference  on  Ap¬ 
plications  of  Supercomputers  in  Engineering  C  .A  Brebbia  et  al  eds  495-511 

Hilton  H  H  and  A'i  S  1991b  .Analytical  Formulation  of  Optimum  Viscoelastic  Proi)ei-ties 
for  Structural  Motion  Control  University  of  Illinois  TR  UILU  ENG  91-5009 
.Jones  DIG  1981  .A  Reduced- Temperature  Nomogram  for  Characteriz:>tion  of  Damping 
Material  Behavior  The  Shock  and  Vibration  Bulletin  51  Part  1  13-22 

Rogers  L  19S1  TemiJerature  Shift  Consitleration  for  Damping  Materials  The  Shock  and 
Vibration  Bulletin  48  Part  2  55-69 

Sim  S  and  Kim  K  .1  1990  .A  Method  to  Determine  the  Complex  Modulus  and  Poisson's 
Ratio  of  Viscoelastic  Materials  for  FEM  .Applications  J  Sound  and  Vibr  141  71-S2 
Schapery  R  .A  1962  .Apitroximate  Methods  of  Transform  Inversion  for  A'iscoelastic 
Stress  .Analysis  Proc  fill  US  Natl  Congr  Appl  Mech  ASME  1075-10S5 


501 


f'apcr  pfWi'iiicd  at  the  APPA  AIAA  ASMJ.  SPII.  i>>nl  on 
-li  n\c  and  Adapina  \tna  noi  '^  Scs\n>n  J'" 


Building  vibration  damping  into  tubular  composite  structures  using  embedded 
constraining  layers 


S.  S.  Suttinj:er  and  Z,  N,  Sanjana 


Wcsiinghoiise  Science  &  Technology  Center,  Pittsburgh,  PA  152.T5 


ABSTRACI':  The  effectiveness  of  active  control  systems  for  suppressing  structural 
vibration  is  augmented  by  intrcxiucing  passive  damping.  Embedding  damping  ntaterials 
inside  the  walls  of  tubuhir,  organic-matrix  composite  structures  can  overcome  certain 
limitations  of  add-on  damping  treatments.  Described  is  a  novel  construction  featuring  a 
segmented,  embedded  constraining  layer  that  provides  high  damping  of  all  vibration 
nuxles,  including  the  hard-to-damp,  extensionally  stressed  modes.  Discussed  are  the 
fabrication  approach,  attained  damping  perfomiance,  and  advantages  of  the  construction. 

1.  INTRODUCTION 

The  effectiveness  of  active  control  systems  for  suppressing  structural  vibration  is  heightened 
when  they  are  used  in  conjunction  with  passive  damping  (Book  et  ai  1986:  von  Flotow  and 
Vos  1991 ).  Providing  passive  damping  can  augment  active  vibration  and  noise  control 
performance  by  reducing  algorithm  convergence  time,  reducing  the  controlled  responses  at 
system  resonance.s,  les.sening  control  spillover,  and  providing  attenuations  at  high 
frequencies.  This  paper  deals  with  a  novel  approach  to  the  task  of  adding  passive  damping 
to  tubular  structural  components  whose  vibrations  may  be  of  concern. 

Add-on  constrained-layer  treatments  using  viscoelastic  materials  (VEM’s)  have  been 
successfully  used  to  introduce  passive  damping  in  many  types  of  structures,  but  there  are  a 
number  of  factors  that  have  tended  to  limit  their  use.  It  may  be  difficult  to  gain  access  to 
interior  regions  of  a  structure  that  would  otherwi.se  be  plausible  locations  for  the  installation 
of  damping  treatment.  The  treatment,  once  installed,  may  also  create  obstnictions  or 
mechanical  hazards  to  personnel.  The  treatment  may  also  cause  toxicity,  flammability,  or 
other  environmental  problems  due  to  outgassing  and  combustibility  of  the  damping  material. 
Conversely,  exposed  areas  of  this  material  may  be  susceptible  to  the  effects  of  moisture, 
lubricants,  oxygen,  or  vacuum  conditions.  The  limited  static  and  creep  strength  properties  of 
many  of  these  materials  may  also  pose  obstacles  to  the  u.se  of  these  treatments,  as  in  the  case 
of  rotating  components  having  high  centrifugal  acceleration  levels. 

Embedding  damping  materials  inside  the  walls  of  organic-matrix  composite  beam  or  shell 
structures  during  fabrication  as  shown  in  Figure  1  can  overcome  these  limitations. 

Described  is  a  particular  form  of  this  construction  (patent  pending)  that  provides  high 
damping  of  all  vibration  modes,  including  the  extensionally  stressed  modes  that  tend  to  be 
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F-'ig.  I .  Concept  for  embedding  constrained-layer  damping  inside  the  walls  of  tubular 
composite  structures 


difficult  to  damp.  This  paper  discusses  the  fabrication  approach,  attained  damping 
perfonnance,  and  advantages  of  the  construction. 

2.  THE  EMBEDDED  CONSTRAINING  LAYER  CONCEPT 

The  specific  vibration  modes  to  be  damped  may  be  the  global  (long-wavelength)  bending 
mtxles,  which  normally  are  the  lowest-frequency  modes  of  a  beam  or  extended  shell 
structure,  or  the  higher-frequency  local  bending  modes,  whose  shapes  are  contrasted  in 
Figure  2.  The  Itx'al  bending  modes  may  include  either  the  plate-bending  modes  of  the 
individual  panels  of  a  flat-sided  tube,  or  the  shell-bending  (lobar)  modes  of  a  cylindrical 
tube.  Other  types  of  modes  that  may  need  to  be  damped  are  the  column  modes  and  in-plane 
shetu"  modes,  which  include  lower-frequency  torsional  modes  but  generally  ;ure  associated 
w  ith  the  higher  frequencies,  A  state  of  in-plane  extensional  or  shear  strain  which  is  nearly 
uniform  through  the  thickness  of  the  tube  wall  is  associated  with  all  of  these  vibration  mode 
types  except  the  local  bending  modes,  in  which  the  strain  is  linearly  van’ing  and  undergoes  a 
reversal  in  sign  from  the  inside  surface  to  the  outside  surface. 

31  fjiobal  Beam-Bpndmo 


t>'  Local  Plate  -  or  B^ndinq  WotJes 

Fig.  2.  Global  vs.  local  vibration  mode  shapes  of  tubular  structures 

Although  it  is  feasible  to  use  add-on  passive  damping  treatments  to  control  the  uniformly- 
stressed  modes  of  tubes  and  other  thin-walled  structures  (Torvik  1980;  Sattinger  1990).  most 
applications  have  been  for  purposes  of  controlling  the  local  modes.  Add-on  constrained- 
layer  damping  of  the  uniformly-stressed  modes  requires  deliberate  axial  segmentation  of  the 
constraining  layer  to  induce  energy-absorbing  cyclic  shear  deformation  of  the  damping 
polymer  film,  whereas  the  local  bending  modes  can  be  damped  either  with  or  without  this 
segmentation.  If,  instead,  a  properly  sized  layer  of  VEM  damping  polymer  is  embedded 
midway  through  the  thickness  of  a  tube  wall,  it  can  very  effectively  damp  the  local  bending 
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incxies  without  the  use  of  a  constraining  layer,  because  the  two  equal-thickness  wall  portions 
will  fulfill  the  mutual  role  of  constraining  layers  for  each  other.  Damping  of  the  uniformly- 
stressed  modes,  however,  still  requires  the  use  of  a  segmented  constraining  layer,  and  it 
necessary  to  place  this  internal  constraining  layer  between  two  separate  layers  of  VEM. 

3.  DESIGN  AND  FABRICATION  OF  SPECIMENS 

We  have  designed  and  fabricated  a  set  of  filament-wound  tubular  fiberglass/  epoxy 
specimens,  each  36  inches  in  length  by  5  inches  in  diameter,  for  proof-of-principle  bench 
testing  of  this  construction.  A  graphite/  epoxy  embedded  constraining  layer  and  adjoining 
Soundcoat  Dyad  601  viscoelastic  damping  polymer  layers  are  embedded  in  two  of  the 
specimens;  this  constraining  layer  is  segmented  in  one  case  and  continuous  in  the  other.  The 
total  wall  thickness  for  each  of  the  damped  specimens  is  0.54  in.  The  segmentation  of  the 
first  specimen  is  both  axial  (cuts  running  perpendicuhir  to  the  tube  axis)  and  circumferential 
(cuts  running  parallel  to  the  tube  axis).  *A  third  specimen  is  a  control  specimen  featunng 
conventional  fiberglass/ epoxy  construction.  The  cross- sections  of  the  two  internally 
damped  specimens  are  illustrated  in  Figure  3.  The  merging  together  and  bonding  of  the 
load-carrying  inner  and  outer  portions  of  the  tube  walls  at  the  ends  totally  encapsulates  the 
VEM  and  provides  structural  rigidity  at  the  locations  where  the  tube  would  interconnect  with 
other  structural  components.  These  features  give  decided  advantages  over  other  damped 
composite  tube  constructions  which  rely  on  relative  motions  of  the  inner  and  outer  w  all 
portions  to  produce  shear  deformation  in  interleaved  VEM  layers  (  Barrett  19X9;  Belknap  and 
Kosmatka  1991 ).  The  tube  walls  were  wound  from  S-2  glass  filaments  using  a  symmetric 
90° ,  i  20°  winding  pattern.  The  continuous  constraining  layer  was  wound  from  1M6 
graphite  filaments  using  a  similar  symmetric  pattern,  whereas  the  segmented  constraining 
layer  pieces  were  machined  from  a  precured  tube,  filament-wound  separately  using  the  same 
pattern.  A  low-temperature-curing  (7.5  °  C)  epoxy  resin  matrix  was  used  throughout. 


I Cofslfaininq  Ljvp'’ 

Uv'rs  1  5  Fit)«»^qla55/Fi)o«y  liMd-Carryinq  Layers 

'.  2  J  'ioijniJcoa*  DvadfiOl  Vtsco»‘*asfk  Oar^oinq  layprs 

lavt"'  1  ‘.raphitp/fpow  Conslraininq  t  jyir 

Fig.  3.  Cross-section  views  of  the  internally  damped  specimens.  Views  are  enlarged  and 
proportions  exaggerated  for  clarity. 


‘The  need  for  circumferential  segmentation  of  axially  continuous,  add-on  constrained-layer 
ta’atmcnts  on  tubes  was  shown  by  Vinogradov  and  Chemoberevskii  ( 19X0). 
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Although  the  segments  were  precured  and  epoxy-cemented  to  the  VEM  layers  in  this  proof- 
of-principle  fabrication,  a  less  costly  alternative  would  be  to  place  prepreg  patches  which 
would  be  co-cured  during  the  final  cure.  The  ratio  of  the  constraining  layer  modulus- 
thickness  product  to  that  of  the  tube  wall  was  C  T'  for  the  specimens  with  both  the 
segmented  and  the  continuous  constraining  layers.  This  represeni.s  a  fairly  stiff  damping 
design.  In  both  specimens  the  damping  layers  comprised  approximately  a  44%  addition  to 
the  weight  of  the  base  layers. 

4.  STRUCTURAL  FREQUENCY-RESPONSE  COMPARISONS 

Figures  4  and  5  compare  magnitudes  of  axially  directed  transfer  accelerance 
(acceleration/force)  frequency-response  functions  for  the  damped  specimens  versus  that  of 
the  undamped  fiberglass  specimen.  These  are  overlaid  plots  of  measurements  in  a  free-free 
configuration  using  filter-shaped,  banded-random  shaker  excitation  applied  in  16 


FreQuency.  Hz 

Fig.  4.  Axially  directed  transfer  accelerance  for  specimen  with  continuous  embedded 
constraining  layer  versus  that  of  undamped  fiberglass/cpoxy 


Fig.  5.  Axially  directed  transfer  accelerance  for  specimen  with  segmented  embedded 
constraining  layer  versus  that  of  undamped  fiherglass/epoxy 
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sep;irate  frequency  bands  per  test.  Figure  4  shows  that  at  low  frequencies  the  shell-bending 
or  lobar  modes  are  strongly  damped  in  the  specimen  having  the  continuous  embedded 
constraining  layer.  However,  neither  the  global  beam-bending  modes  nor  the  lower-order, 
in-plane  extensional  modes  are  damped;  the  response  peaks  corresponding  to  these  modes 
appear  as  sharply  resonant  as  those  of  the  undamped  fiberglass  specimen.  Figure  5  shows 
that  the  segmented  embedded  constraining  layer,  on  the  other  hand,  strongly  damps  all  of  the 
modes  that  are  excited  by  the  axial  vibration  excitation.  The  segmented-layer  specimen 
attains  about  a  1.5  dB  average  attenuation  over  the  .^6-inch  specimen  length  across  the  entire 
frequency  range. 

5.  DAMPING  VALUES 

The  frequency-response  tests  covered  a  range  of  frequencies  which  was  quite  high  in  relation 
to  some  possible  applications.  To  supplemen*  •  .gh-frequency  damping  data  from  these  tests 
with  lower-frequency  damping  measur-  on  the  segmented-layer  specimen,  we 
mounted  it  between  solid-steel  disc''  .n  '  .neasured  decays  from  beam-bending, 
extensional,  and  torsional  mode  re*;o..ances. 

Figure  6  compares  predicte  i  and  measured  room-temperature  damping  values  for  the 
uniformly-stressed  vibra'ion  modes  of  the  segmented-layer  specimen.  All  predictions  were 
generated  using  a  pre'  ously  described  method  for  calculating  the  extensional  damping 
performance  of  constrained-layer  treatments  (Torvik  1980;  Sattinger  1990),  The  good 
overall  agreement  between  predictions  and  measurements  seen  in  Figure  6  confirms  that  the 
damping  of  extensionally-stressed  modes  in  .segmented-layer  constructions  is  reasonably 
predictable.  Not  included  among  the  measured  damping  data  plotted  in  Figure  6  is  a 
torsional-mode  loss  factor  of  0.052. 

The  local  shell-bending  or  lobar  modes  are  strongly  damped  in  both  the  segmented-layer  and 
the  cr  tinuous-layer  specimens,  with  loss  factors  in  the  range  from  0. 1  to  0.4. 


— Calculated.  Mass-Loaded  Condition 
•“Calculated.  Free-Free  Condition 
Measured.  Mass-Loaded  Seam-Bending  Modes 
Measured.  Mass-Loaded  Eidensional  Mode 
Measured.  Free-Free  Beam-Bending  Modes 
Measured.  Free-Free  Column  Mode 
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Fig.  6.  Predicted  vs.  measured  damping  performance  forextensionally  stres.sed  vibration 
mcides  of  the  segmented-  constraining-layer  specimen 
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6.  CONCLUSIONS 

In  addition  to  surmounting  application  obstacles  associated  with  access,  strength,  and 
environmental  factors,  the  damping  of  tubular  composite  stnictures  by  embedded 
constraining  layers  offers  much  higher  local-mode  damping  performance  than  is  attainable 
with  add-on  treatments  of  comparable  thickness.  Segmentation  of  the  constraining  layer 
enables  the  low-frequency  global  beam-bending  and  torsional  modes  to  be  damped.  Peak 
measurements  of  damping  loss  factors  in  the  vicinity  of  O.OK  for  these  extensionally  stressed 
vibration  modes  of  the  specimen  with  segmented  constraining  layer  are  reasonably  well 
predicted  and  represent  high  damping  of  these  hard-to-damp  modes.  The  advantages  of  this 
construction  over  certain  other  internally  damped  composite  tube  constructions  include  total 
encapsulation  of  the  VEM  and  better  load  transfer  at  locations  where  the  tube  would 
interconnect  with  other  structural  components.  Likely  applications  of  this  passively  damped 
construction,  used  alone  or  in  conjunction  with  active  vibration  control,  include  marine  and 
aerospace  tubular  composite  structures  and  shafting  for  both  military  and  commercial  uses. 
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INTRODUCTIOM 

A  cursory  review  of  the  history  of  materials  science  will 
certainly  reveal  the  profound  influence  of  this  scientific  discipline 
upon  the  evolution  of  civilization  during  the  millennia.  Thus,  it  is 
inevitable  that  the  new  generation  of  smart  materials  and  structures 
technologies  featuring  at  the  most  sophisticated  level  a  network  of 
sensors  and  actuators,  real-time  control  capabilities,  computational 
capabilities  and  a  host  structural  material  will  not  only  have  a 
tremendous  impact  upon  the  design,  development,  and  manufacture  of 
the  next  generation  of  products  in  diverse  industries  but  also  the 
economic  climate  in  the  international  marketplace.  Those  countries 
and  businesses  with  the  ability  to  harness  and  coordinate  the  diverse 
technologies  associated  with  smart  structural  systems,  will  reap  a 
bountiful  harvest  while  those  countries  which  adopt  a  less  aggressive 
posture  will  surely  be  afflicted  by  a  draught. 

The  applications  for  these  new  generations  of  smart  m.aterials 
and  structures  will  be  diverse,  but  a  common  denominator  for  the 
deployment  of  the  most  sophisticated  class  of  systems  featuring 
sensors,  actuators  and  microprocessors  will  probably  be  the 
unstructured  environment  in  which  a  system  must  operate.  Thus  the 
uncertainty  associated  with  the  behavior  of  the  relevant  external 
stimuli  which  govern  the  system  response  relative  to  prescribed 
design  criteria  will  largely  dictate  the  deployment  of  smart 
materials  and  structures.  The  necessity  for  synthesizing  materials 
and  structures  with  autonomous  self-adapting,  self-correcting 
characteristics  is  governed  by  the  desire  to  achieve  optimal 
performance  at  all  times  under  variable  service  conditions  and  while 
operating  in  unstructured  environments.  There  are  several 
characteristics  of  these  smart  materials  and  structures  which  have 
been  the  foci  of  research  activities,  and  these  include  changing  the 
mass-distribution,  the  stiffness,  and  the  energy-dissipation 
characteristics  for  vibration-control  purposes,  for  example.  This 
work  has  permitted  engineers  to  synthesize  systems  with  controllable 
vibration  amplitudes,  natural  frequencies,  resonances  and  transient 
response  settling-times.  Other  work  has  focused  on  actively  changing 
the  geometries  of  structures. 

The  field  of  smart  materials  and  structures  is  very  broad  and 
will  ultimately  include  a  variety  of  diverse  disciplines  including 
biotechnology,  neural  networks,  photonics,  nanotechnology  and 
artificial  intelligence.  However,  at  this  time,  significant 
developments  have  occurred  in  a  somewhat  limited  area  of  this  diverse 
field  because  teams  of  engineers  and  scientists  have  focused  on 
employing  a  network  of  embedded  sensors,  microprocessors,  and  an 
array  of  dynamically-tunable  actuator  materials  interfaced  at  a 
global  level  with  traditional  structural  materials.  In  this  novel 
class  of  structural  systems,  the  structural  materials  provide  the 
skeleton  of  the  system;  the  network  of  actuators  provide  the  muscles 
to  make  things  happen;  the  network  of  sensors  and  data  transmission 
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systems  provides  the  nervous  system,  to  monitor  and  communicate  the 
characteristics  of  the  external  stimuli  to  the  microprocessor-based 
computational  facilities;  and  the  microprocessors  provide  the  brains 
which  ensure  the  optimal  performance  of  the  overall  system  in  the 
presence  of  variable  and  unstructured  stimuli. 

COMMERCIAL  AND  IKDUSTRIAL  APPLICATIONS 


The  insatiable  demand  for  new  generations  of  industrial, 
military,  commercial,  medical,  automotive  and  aerospace  products  has 
fueled  research  and  development  activities  focused  on  advanced 
mate  ials.  This  situation  has  been  further  stimulated  by  the 
intellectual  curiosity  of  homo  sapiens  in  synthesizing  new  classes  of 
biomimetic  materials,  and  of  course  global  competition  by  the 
principal  industrial  nations  is  also  a  parameter  in  the  equation 
governing  the  rate  of  technological  progress. 

By  integrating  the  knowledge-bases  associated  with  advanced 
materials,  information  technology  and  biotechnology,  these  three 
megatechnologies  are  facilitating  the  creation  of  a  new  generation  of 
biomimetic  materials  and  structures  with  inherent  brains,  nervous 
systems  ana  actuation  systems  which  are  currently  a  mere  skeleton 
compared  with  the  anatomy  perceived  in  the  not-too-distant  future.  A 
vigorous  research  thrust  has  been  prosecuted  on  adaptive  materials 
with  the  ability  to  change  in  real  time  the  mass-distribution,  the 
stiffness,  and  the  energy-dissipation  characteristics  for  vibration- 
control  purposes.  Thus,  the  research  has  focused  upon  developing 
adaptive  materials  with  controllable  properties . This  work  has 
permitted  engineers  to  synthesize  systems  with  controllable 
amplitudes  of  vibration,  natural  frequencies,  resonances,  and 
transient  response  characteristics.  Other  work  has  focused  on 
actively  changing  the  geometries  of  structures,  so  that  initially 
straight  members  can  develop  a  curved  shape  in  a  controlled  manner 
upon  command,  for  example. 

Experimental  results  of  the  frequency  response  of  beams 
containing  embedded  electro-rheological  fluid  domain  have  shown  that 
by  controlling  the  voltage  imposed  upon  the  fluid,  the  global  dynamic 
response  of  a  smart  beam  can  be  actively  tuned  to  provide  a  desired 
response.  Thus,  natural  frequencies  can  be  changed,  the  damping 
characteristics  can  be  changed,  mode  shapes  can  be  changed,  and 
resonances  can  be  changed.  These  capabilities  can  be  exploited  in 
many  engineering  applications.  Thus  automobile  suspension  leaf- 
springs  embodying  this  technology  will  permit  the  suspension 
characteristics  of  the  vehicle  to  be  actively  controlled  in  order  to 
ensure  passenger  comfort  on  diverse  road  surfaces.  Robot  arms 
employed  for  repetitive  tasks  would  be  able  to  increase  the  damping 
properties  of  the  arm  in  order  to  minimize  the  settling-time  upon 
completion  of  a  manoeuvre.  Robotic  devices  subjected  to  dynamic 
excitations  at  the  end  effectors  that  cause  resonance  conditions  in 
structural  members  would  be  able  to  change  the  natural  frequencies  in 
order  to  avoid  this  state  of  resonance.  Other  robotic  applications 
have  involved  shape  memory  alloys  in  the  design  of  robot  grippers 
while  other  work  has  involved  piezoelectric  materials  to  undertake 
sensing  tasks  which  replicate  the  characteristics  of  the  human  dermis 
and  epidermis. 

Smart  materials  possessing  the  innate  ability  to  change  their 
inherent  mass,  stiffness  and  damping  properties  have  considerable 
utility  in  medicine.  This  utility  is  evident  from  the  number  of 
devices  featuring  shape  memory  materials  that  have  been  employed  in 
blood  clot  filters,  prostheses,  devices  for  the  treatment  of 
scoliosis,  and  in  various  pins,  nails  and  plates  employed  by 
orthopedic  surgeons.  Other  devices  that  would  benefit  from  the 
ability  to  change  the  properties  of  the  materials  from  which  they  are 
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fabricated  include  colonoscopee  and  catheters  which  must  typically 
function  in  an  unstructured  environment  within  the  tubular  members  of 
the  human  body. 

The  diverse  range  of  products  marketed  by  the  sporting  goods 
industry  will  also  benefit  from  smart  materials  technologies. 

Anglers  will  be  able  to  change  the  stiffness  and  energy  dissipation 
characteristics  of  their  fishing  rods  in  order  to  enhance  the 
pleasure  associated  with  the  task  of  attempting  to  catch  a  particular 
species  or  size  of  cold-blooded  vertebrate  animal,  or  to  enhance  the 
angler's  casting  technique.  Rackets  employed  for  tennis,  or  squash, 
for  example  could  feature  adaptive  materials  in  order  to  enhance 
player  performance  under  a  variety  of  different  playing  conditions. 

Structures  which  must  operate  autonomously  in  space  are  also 
ideal  candidates  for  the  incorporation  of  several  types  of  smart 
structural  systems  because  of  the  variable  service  conditions  and  the 
nature  of  the  unstructured  environment  in  which  they  must  operate. 

The  deployment  of  large  space  structures  such  as  platforms, 
telescopes  or  solar  arrays  from  the  confinement  of  the  payload 
envelope  of  the  launch  vehicle  and  the  payload  constraints  imposed  by 
launch  vehicles  mandates  that  these  large  space  structures  be 
lightweight,  and  a  consequence  of  this  is  that  they  are  somewhat 
flexible.  Thus  once  the  spacecraft  is  on  station  in  orbit,  engineers 
are  then  confronted  with  the  tasks  of  accurately  controlling  the 
shape  of  the  structure  and  also  vibration  control. 

Vil-ration  control  situations  would  typically  occur  as  a  result 
of  meteor  impact,  and  in  the  case  of  an  orbiting  laboratory  as  a 
consequence  of  imperfect  docking  between  a  space  shuttle  and  the 
laboratory,  or  an  astronaut  exercising  on  a  tread  mill.  These 
classes  of  transient  and  dynamic  responses  could  be  controlled  by 
hybrid  schemes  of  actuators  operating  in  concert  with  a  network  of 
sensors  throughout  the  structure.  Other  classes  of  space  structures 
involve  geometrical  control  scenarios.  Consider  the  proposed  NAbA 
large  deployable  reflector  program  in  which  the  surface  contour  of  a 
20  meter  diameter  paraboloidal  reflector  must  be  accurately 
maintained  to  within  a  few  microns  when  in  the  observation  mode. 

This  is  a  challenging  task  when  considered  in  the  context  of 
manufacturing  errors,  structural  creep,  and  thermal  gradients. 
Furthermore  the  telescope  must  typically  be  in  the  observation  mode 
for  20-minute  time  intervals.  Structural  members  incorporating 
embedded  piezoelectric  materials  have  been  proposed  to  control  the 
critical  geometry  of  the  reflector. 

Aircraft  continually  operate  in  unstructured  environments 
because  of  uncertainties  in  the  weather  conditions,  turbulence, 
temperatures,  payloads,  and  the  duration  of  the  flights.  Several 
smart  structures  programs  have  been  initiated  for  both  commercial 
aircraft  and  also  military  airplanes.  The  focus  of  these  "smart 
skins"  programs,  so  named  because  of  the  monocoque  design  of  these 
structural  systems,  are  dependent  upon  the  specific  application.  The 
commercial  aircraft  programs  focus  primarily  upon  monitoring  the 
health  and  flight  worthiness  of  aircraft.  Arrays  of  sensors 
throughout  the  wings,  control  surfaces  and  the  fuselage  will  monitor 
the  structural  properties  in  the  context  of  fatigue  cracks  and 
incipient  failures.  Other  types  of  sensors  will  monitor  the  ice 
build  up  on  wings  and  control  surfaces  which  can  adversely  affect 
aerodynamic  performance  at  take-off  and  also  the  centre  liability  of 
the  machine. 

Smart  iterials  and  structures  technologies  will  have  a 
tremendous  impact  in  reshaping  the  technological  and  econo.ric  bases 
of  the  international  business  environment  during  the  next  twi' 
decades.  It  is  crucial  to  recognize  that  significant  order-of- 
magnitude  payoffs  will  arise  in  various  applications  as  a  consequence 
of  the  implementation  of  smart  materials  technologies.  Some  of  these 
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payoffs  are  highlighted  below. 

Technological  Impact 

•  Technological  developments  that  are  considered  impossible  today 
will  become  routine  realities  as  a  result  of  smart  materials 
technologies,  e.g. ,  National  Aerospace  Plane. 

•  Completely  unforeseen  markets  will  be  created  and  the  dominant 
players  will  carve  out  distinct  segments  of  these  markets. 

•  The  design  of  smart  parts  and  subassemblies  for  smart 
mechanical  and  structural  systems  will  be  simplified,  and 
significant  order-of-magnitude  advantages  will  accrue  due  to 
design-cascading  effects. 

•  Smart  materials  technologies  will  result  in  simplified  and 
efficient  design  and  manufacturing  processes. 

•  Performance  characteristics  of  smart  mechanical  and  structural 
systems  will  not  only  be  significantly  superior  to  today’s 
systems,  but  they  will  also  be  optimal  while  operating  in 
variable  service  conditions  and  unstructured  environments. 

•  Significant  reductions  in  costs  will  accrue  due  to  the 
integration  of  sensing,  actuation,  and  quality  monitoring 
functions  in  smart  structures. 

•  Maximum  utilization  of  microprocessor  technologies  due  to  the 
unique  ability  of  smart  materials  to  interface  with  modern 
solid  state  electronics  will  permit  the  quantum  leaps  in  the 
electronics  area  to  be  immediately  transformed  into 
technological  advances  in  the  smart  materials  and  structures 
arena . 

•  Smart  structural  and  mechanical  systems  will  exhibit 
significantly  superior  response  characteristics  and 
capabilities  due  to  reduced  inertia,  as  compared  with 
conventional  technologies. 

•  Smart  materials  and  structures  will  provide  designers  with  a 
unique  capability  in  the  history  of  humankind  to  optimize 
system  parformance  under  various  service  conditions  and 
unstructured  environments. 

Economic  Impact 

It  is  clearly  evident  from  the  market  topology  that  the 
impending  revolution  in  smart  materials  technologies  will  impact 
every  segment  of  the  world  marketplace.  Therefore,  the  economic 
impact  of  these  technologies  on  the  international  marketplace  is  very 
significant.  There  is  no  such  thing  as  the  "best  smart  materials 
technology,"  and  no  one  is  in  a  position  to  definitively  assess  which 
technology  is  the  best  for  various  specific  applications.  One  can 
anticipate  that  as  the  field  of  smart  materials  technologies  matures, 
individual  technologies  will  be  integrated  to  yield  hybrid  smart 
materials  technologies  that  will  permit  the  stringent  performance 
specifications  of  various  smart  part  and  subsystems  to  be  adequately 
satisfied.  Therefore,  it  is  somewhat  premature  to  project  the  market 
share  and  the  market  growth  associated  with  each  of  the  key  smart 
technologies . 

Smart  materials  and  structures  technologies  will  significantly 
impact  every  conceivable  sector  of  the  marketplace.  The  most 
significant  impact  of  these  technologies  will  be  in  the  following 
sectors  of  the  economy: 

•  automotive  and  transportation  industries 

•  aerospace  industry 

•  defense  industry 

•  biomedical  devices 

•  advanced  manufacturing,  robotics,  and  industrial  machinery 

•  consumer  products  and  sporting  goods 

•  high  precision  instruments  and  electronic  packaging 
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•  highways,  buildings,  and  bridges 

Specific  applications  in  each  of  these  market  sectors  will  be 
motivated  by  substantial  order-of -magnitude  improvements  in 
performance  characteristics  due  to  the  implementation  of  smart 
materials  and  structures  technologies  for  variable  service  conditions 
and  unstructured  environments.  Economics  will  be  the  other  driving 
force  in  the  implementation  of  smart  materials  technologies  since  the 
cost  of  these  smart  products  will  be  substantially  lower  due  to  a 
smaller  number  of  moving  parts,  the  ability  of  smart  materials  to 
interface  with  opto-electronic  devices,  and  several  other  design 
cascading  advantages  at  the  system  level. 

Typical  applications  of  smart  materials  technologies  in  each  of 
these  sectors  of  the  economy  are  highlighted  below. 

Automotive  and  Transportation  Industries 

•  engine  mounts  (minimize  vibration  and  noise) 

•  active  suspensions  (improve  ride  and  handling) 

•  steering  systems  (improve  driver  comfort) 

•  shock  absorbers 

•  smart  windshields 

•  smart  bumpers  (improve  crashworthiness) 

•  pumps,  valves  and  actuators  (improve  system  performance) 

•  clutches  and  transmission  systems 

•  anti-lock  braking  systems 

•  new  generation  of  engines 

•  automotive  springs 

Aerospace  Industry 

•  smart  skins  containing  phased-arrays  (to  permit  aircraft  to 
sense  and  communicate  in  various  frequency  bands  and  in  any 
direction) 

•  smart  wings  ( improve  aerodynamics  and  system  performance  in 
service,  detect  damage  and  impending  failure) 

•  smart  control  surfaces 

•  smart  rotor-craft  systems 

•  vibration  suppression  systems 

•  instrument  panels  (improved  ergonomical  design) 

•  undercarriage,  shock  absorbers,  landing  gear 

•  hydraulic  pumps,  actuators  and  valves 

•  missile  actuation  systems 

•  large  space  structures 

•  commercial  aircraft 

•  space  robots 

•  self-deploying  space  structures 
Defense  Industry 

•  submarines  (reduce  drag  and  noise) 

•  surface  vessels  (reduce  drag,  quieter) 

•  hydraulic  valves,  actuators  and  pumps 

•  switches 

•  variable  radar  and  acoustical  signature 

•  smart  skins  (life-through-death  health  monitoring  capabilities, 
manufacturing,  service,  battlefield  damage) 

•  ammunition-supply  systems 

•  smart  armor 

•  materials  handling  equipment 

•  SDI  (structures  supporting  weapons  and  antenna  for  retargetting 
maneuvers  without  detrimental  jitter  and  thermal-flutter) 

•  stealth  technologies  (to  evade  enemy  emitter  and  platform 
identifications  to  make  more  specific  threat  determinations) 

•  Field-repairable  airframe  structures 

•  acoustically-damped  torpedo  propellers 
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Biomedical  Devices 

•  prostheses:  artificial  limbs,  hands  and  joints 

•  orthodontic  braces 

•  sclerosis 

•  wheelchairs 

•  treatment  of  sporting  injuries  (fractures) 

•  implants 

Advanced  Manufacturing ,  Robotics ,  and  Industrial  Machinery 

•  active  balancing 

•  dynamically-tunable  robot  arms 

•  noise  reduction 

•  vibration  control  of  machine-tool  structures 

•  hydraulic  actuators,  valve  and  pumps 

•  joint  actuators  for  articulating  robotic  systems 

•  robotic  end-effectors 

•  smart  flexible  fixtures  and  grippers 

•  material  handling 

•  farm  equipment 

•  oil  drilling  and  mining  equipment 

•  textile  machinery 

Consumer  Products  and  Sporting  Goods 

•  skis 

•  tennis  rackets 

•  golf  clubs 

•  fishing  poles 

•  baseball  bats 

•  snowmobiles 

•  bicycle  industry 

•  switches 

•  washing  machines 

•  snow  blowers 

Highways,  Buildings ,  Bridges 

•  smart  foundations 

•  smart  skins 

•  dynamically-tunable  optical  and  thermal  characteristics  for 
doors  and  windows  (energy  efficiency  and  comfort) 

•  smart  structures,  bridges,  buildings 

•  building  elevators 
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Implementing  smart  composites:  organizational/environmental  issues 


Michael  J.  Martin  -  Michigan  State  University 


"Smart"  Composites  Technology  will  not  automatically  be 
implemented  simply  because  they  provide  mechanical  and 
economic  advantages.  There  are  significant  organizational 
and  environmental  issues  which  need  to  be  understood  and 
dealt  with.  This  paper  will  focus  on  implementing 
composites  in  a  mature  organization  and  cost 
modeling/economics . 

Composites  are  unigue  from  traditional  materials  of 
construction  because  they  require  an  integrated  approach  to 
"design  for  manufacturing."  Utilization  of  these  new 
materials  can  be  the  basis  for  the  initiation  of  a  cultural 
change  in  a  firm.  The  Michigan  State  University  Composite 
Cost  Comparison  Model  attempts  to  provide  an  evaluation  tool 
for  these  "new"  cost  justification  techniques. 

I.  Manufacturing  Strategies  for  the  Ninities 

Peter  Drucker  points  out  in  an  article  entitled,  "The 
Changed  World  Economy,"  that  there  are  two  distinct  types  of 
manufacturing  industry:  material-based  and 

information/knowledge  based.  He  demonstrates  that  the  major 
driving  force  for  the  world  economy  is  no  longer  the 
availability  of  raw  materials,  but  the  availability  of 
technology-based  innovation. 

Successful  corporations  that  are  competing  on  a  global  basis 
have  an  organization  that  is  able  to  identify  profitable 
niches  /segments  in  a  market — whether  that  niche  be 
culturally-based  (geographical)  or  psychographic-based 
(trendsetters  vs.  traditionalists) .  These  companies 
organize  and  locate  the  necessary 

design/manufacturing/marketing  teams  in  the  center  of  that 
market  in  order  to  satisfy  the  customer's  needs — not  to 
satisfy  an  immediate  financial  measurement.  These 
corporations  are  not  competing  globally.  They  are 
developing,  manufacturing,  and  marketing  globally. 

"Global"  firms  recognize  that  the  markets  are  now  highly 
segmented.  The  manufacturing  strategies  that  these  firms 
evolve  employ  the  necessary  level  of  technology  in  order  to 
provide  flexibility.  Both  their  manufacturing  and  marketing 
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arms  are  organized  to  react  to  the  smaller  volume  runs 
required  by  these  niches.  A  smaller  market  niche  can  be 
highly  attractive  if  one  can  provide  an  economic  basis  for 
shorter  production  runs. 

The  increased  segmentation  of  various  global  markets  also 
brings  another  demand:  "fast  to  market."  A  number  of 
studies  of  Japanese  manufacturing  firms  show  that  their 
ability  to  gain  over  30%  of  the  U.  S.  automotive  market  was 
not  based  completely  on  lower  cost  performance.  It  was  also 
their  ability  to  translate  customer  needs  into  products  at 
approximately  70%  of  the  development  time  of  U.  S. 
automotive  firms.  Most  of  the  difference  is  due  to  their 
ability  to  trust  their  suppliers  and  make  them  a  part  of 
their  developmental  team.  Customers  are  no  longer  asking 
for  traditional  supplier  relationships.  They  are  demanding 
that  suppliers  become  part  of  their  team  to  meet  their 
customer's  needs. 

These  teams  are  based  on  a  true  win-win  relationship,  not  a 
zero-sum  game.  Zero-sum  games  are  based  on  the  customer 
driving  costs  down  while  the  supplier  attempts  to  raise 
prices.  A  win-win  relationship  focuses  upon  the  customer 
establishing  the  value  of  the  product  in  the  marketplace, 
while  the  supplier  identifies  opportunities  for  improvement 
and  passes  through  the  benefits  of  these  process 
improvements . 

Thompson  and  Gandhi  of  Michigan  State  University  have 
described  such  a  "design  for  manufacture"  model  for 
composites.  The  "design  for  manufacture"  composite  mode] 
starts  with  the  customers'  specifications,  which  typically 
include  static  and  dynamic  load,  geometrical  (space) 
constraints,  fatigue  life  projection,  environmental 
conditions  and  abrasion  resistance.  The  market  can  also 
provide  the  design  with  constraints  on  weight,  costs  and  the 
relative  value  of  a  particular  function  of  the  part. 

Traditionally,  the  designer  then  selects  the  materials  to 
meet  the  specification  within  a  given  cost  range.  Here, 
composites  represent  both  an  advantage  and  a  quandary.  The 
advantage  is  the  potential  cost  savings  due  to  consolidation 
resulting  from  the  ability  to  localize  stress/strain 
reduction  by  selective  placement  of  reinforcement.  The 
quandary  is  that  selection  of  the  material  eliminates 
certain  fabrication  techniques,  and  the  lack  of  a  coherent 
design  data  base  for  prediction  of  properties  in  a  variety 
of  geometric  forms  limits  the  materials  selection  to  "cut 
and  try . " 

The  objective  is  to  select  materials  that  will  meet  the 
design  specifications  within  cost  limitation  with  an 
understanding  of  the  function  of  fiber  and  resin  plus  the 
advantages  of  a  mixed  anisotropic  and  isotopic  load 
transfer . 
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The  use  of  slightly  different  fabrication  technique  or  any 
deviations  or  problems  could  result  in  a  composite  of 
different  quality  with  a  totally  different  number  and 
distribution  of  defects.  The  aesthetic  requirements  of  the 
product  impacts  upon  the  material  selection  for  certain 
processes.  How  the  product  will  be  assembled  can  impact  at 
the  fabrication  level  because  of  requirements  for  metal 
inserts,  surface  finish  for  adhesive  joining,  or  various 
alternative  joining  techniques  between  metals  and 
composites . 

Once  the  various  types  of  constituents  and  the  fabrication 
systems  have  been  identified,  the  design  problem  is  now 
reduced  to  establishing  viable  geometric  form  and  design 
parameters  such  as  stacking  sequence,  fiber  orientation  and 
volume  fractions  of  various  constituents  in  order  to  satisfy 
the  product  design  specifications.  This  phase  of  the 
program  is  computer  intensive  and  involves  significant  use 
of  finite  element  techniques. 

"Global"  firms  recognize  that  all  companies  have 
approximately  equal  access  to  capital  and  technology.  The 
only  major  difference  is  their  people  and  how  they  organize 
them.  The  cause  of  most  of  the  failures  of  advanced 
manufacturing  technologies  is  implementation.  Poor 
implementation  is  often  the  result  of  "over  the  transcom" 
organization. 

Members  of  an  "over  the  transom"  manufacturing  company  look 
upon  themselves  as  black  boxes  that  produce  units  to  meet 
customer  specifications.  There  is  no  need  to  communicate 
with  in  the  firm  as  long  as  everyone  does  their  "job".  When 
you  visit  these  firms  you  often  wonder  who  is  the 
competition  -  most  often  it  looks  like  they  spend  most  of 
their  time  competing  with  each  other.  In  these  firms  the 
task  of  accounting  is  to  identify  sources  of  blame  for  not 
meeting  cost  projections  or  customer  specifications.  The 
task  of  marketing  is  to  raise  prices  so  that  uncontrollable 
costs  can  be  passed  through  to  the  customer. 

"New"  manufacturing  organizations  counter  this  commodity 
based  mentality  by  developing  integrated  teams  with  total 
access  to  information.  Not  surprisingly,  those  firms  that 
can  organize  into  "design  for  manufacturing  teams"  have  a 
distinct  competative  advantage  over  traditional  "over  the 
transom"  engineering.  The  real  advantage  to  the  new 
organization  is  not  meeting  some  recent  fad  in  order  to 
retain  quality  workers  but  in  the  synergy  that  occurs  when 
persons  of  different  backgrounds  and  training  focus  on  the 
solving  of  a  customer's  problem/need. 

Traditional  metal  based  "over  the  transom  engineering" 
companies  cannot  justify  the  advanced  manufacturing 
technologies  required  for  "smart"  materials  with  the 
existing  cost  accounting  techniqes. 
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"Global"  companies  require  "new"  accounting  tools  that 
recognize  the  value  of  the  new  "design  for  manufacturing" 
teams,  automated  manufacturing  technologies,  composite 
materials,  and  the  impact  of  "fast  to  market"  strategies. 

The  "new"  cost  analysis  systems  would  recognize  that: 

*  Cost  identifies  opportunities  for  improvement — not 
potential  for  blame. 

*  Cost  opportunities  are  not  to  be  found  solely  in 
labor  reduction  or  lower  cost  materials  but  more 
importantly  in  the  various  components  of 
overhead/ burden . 

The  "fast  to  market"  strategies  have  forced  new 
suppl ier/customer  relationships  and  has  embraced  the  "total 
quality"  audit.  No  longer  do  customers  audit  just  the  SPC 
charts.  Now  the  audits  cover  leadership/management, 
quality,  delivery,  technology  and  costs.  "Global"  customers 
need  to  understand  that  their  "new"  partners  can  identify 
all  of  their  opportunities  for  improvement,  and  pass  them 
along . 

Most  quality  audits  now  require  standard  costs.. for  labor, 
material,  and  overhead.  Overhead  can  be  broken  down  into 
the  burden  for: 

*  Labor--direct  supervision,  indirect  supervision, 
payroll,  pension,  benefits,  taxes,  etc. 

*  Material — purchasing,  handling,  inventory  carrying 
charges,  plant  space, etc. 

*  Direct — utilities,  machine  depreciation,  insurance, 
etc . 

*  Indirect — marketing,  engineering,  plant  space, 
customer  service,  production  planning,  etc. 

The  value  of  this  overhead  information  has  been  pointed  out 
by  various  surveys.  The  average  cost  of  U.S.  manufacturing 
is:  material  55%,  labor  10%,  and  overhead  35%.  Peat 

Marwick  has  demonstrated  that  even  with  the  most  advanced 
manufacturing  technology,  the  average  reduction  of  labor 
content  has  been  only  to  4  or  5%. 

II.  MSU  Cost  Comparison  Model 

Composites  appear  to  offer  the  design  flexibility  necessary 
for  "fast-to-market"  marketing,  and  an  apparent  economic 
advantage  in  the  shorter  production  runs  that  niche 
marketing  requires.  The  economic  advantages  of  composites 
include:  reduced  labor  costs  due  to  the  reduction  of 

assembly  operations;  opportunities  for  automation;  and 
potentially  lower  cost,  interchangeable  tools  that  could  be 
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used  over  a  broad  range  of  models.  The  economies  are  not 
only  in  direct  charges,  but  also  in  indirect  charges  such  as 
inventories,  plant  space  savings  and  flexibility  of  design. 
Presently,  there  is  no  way  to  quantify  the  value  of  these 
reducing  indirect  overhead  waste. 

MSU  Cost  Analysis  Model  for  Composite  Manufacturing  is  a 
Lotus (TM)  spread  sheet  based  on  industry  experience.  The 
MSU  model  will  provide  a  total  cost  estimate  (the  sum  of 
material,  labor,  overhead/burden,  equipment,  tooling,  and 
energy)  for  five  composite  fabrication  processes:  Injection 
Molding  (IM) ,  Thermoforming  (ThF) ,  Resin  Transfer  Molding 
(RTM) ,  Sheet  Molded  Compression  Forming  (SMC) ,  and  Reaction 
Injection  Molding  (RIM) . 

A  brief  description  of  the  process  requirements  and 
potential  applications  for  each  system  is  provided  in  the 
user's  manual.  After  the  designer  has  selected  the 
processes  to  be  compared,  he/she  can  then  modify  the  cost  of 
tooling  for  a  flat  plate  with  an  estimate  on  the  number  of 
inside  radii,  molded  in  holes,  draft  angles,  ribs,  etc. 
required  to  meet  the  customer  specifications.  The  model 
does  not  consider  any  part  performance  requirements. 

However,  if  the  designer  chooses  a  design  feature  that  is 
not  feasible  with  a  specific  process  based  on  industry 
experience,  then  an  error  message  will  be  shown.  The  user 
now  estimates  the  basic  parameters  for  all  of  the  processes: 
part  desired/yr.,  maximum  surface  area  (sq.in.),  volume 
(cu.in.),  time  for  production,  cost/KW,  part  dimensions,  and 
whether  the  equipment  would  be  dedicated  to  this  one  part. 

The  user  now  provides  inputs  or  uses  default  values  for  the 
specific  processes  have  chosen — specifically  material,  scrap 
rate,  cycle  time,  mechanical  and  process  efficiency,  and 
burden/overhead  rates.  The  model  provides  a  material  data 
base  that  can  be  searched  for  specific  properties  or  cost. 

The  amount  of  material  utilized  reflects  not  only  the 
required  production  and  estimated  volume  of  the  part,  but 
also  the  scrap  rates  in  material  handling  fabrication,  and 
whether  the  material  can  be  recycled.  Some  materials  are 
purchased  as  a  raw  material  and  others  can  be 
self-manufactured  such  as  SMC.  Labor,  capital,  equipment 
and  tooling  are  influenced  by  production  volume  requirements 
and  cycle  time  of  the  different  composite  processes.  Cycle 
time  of  the  various  processes  depends  upon  the  thickness  of 
the  part,  the  surface  area  of  the  part,  the  number  of 
cavities  that  could  be  designed  in  a  mold,  cure  rate  of  the 
resin,  and  the  ability  of  the  process  to  be  automated. 

The  correlation  equations  for  capital  investment  in  tooling 
and  process  equipment  were  established  by  industry  survey 
and  are  based  upon  surface  area  and  press/clamp  tonnage. 
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depending  upon  the  fabrication  technique.  For  example,  the 
equation  for  Sheet  Molded  Compression  is  (e  '{{  press 
tonnage) ^ (-.001) ) *(-2180776)  +  2007828). 

After  the  user  has  reviewed  the  inputted,  defaulted,  and/or 
calculated  values,  he/ she  can  view  the  costs  per  part  for 
that  volume... or  request  a  graph  (figure  1)  for  that  process 
over  a  volume  range... or  request  a  graph  to  compare  selected 
processes  over  a  volume  range  (figure  2) . 

The  advantages  of  "smart"  materials/composites — part 
consolidation,  strength-to-weight  ratio,  and  design 
flexibility — can  be  fully  realized  by  recognizing  that 
composites  are  a  unique  process,  as  well  as  a  material  of 
construction.  The  MSU  Cost  Analysis  Model  is  a 
computational  tool  that  will  broaden  the  design  evaluation 
to  include  all  aspect  of  the  product  development  process, 
and  will  integrate  the  design  process  further  into  a 
manufacturing  team.  Composites  represent  a  "leap  frog" 
opportunity  for  U.S.  manufacturers  to  provide  unique 
products  to  their  global  customers. 
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ABSTRACT:  To  meet  the  demanding  multi-disciplinary  challenge  of  smart  structures 
and  materials  technology,  on  the  14th  February  1991,  the  Smart  Structures  Research 
Institute  was  officially  inaugurated  on  the  campus  of  the  University  of  Strathclyde, 
Glasgow.  The  Institute  is  decentralised  in  structure  in  that  it  acts  as  a  project  office  to 
plan,  co-ordinate  and  manage  research  projects,  which  are  jointly  undertaken  between 
a  number  of  scientific,  engineering  and  administrative  departments.  This  paper  will 
describe  the  rationale  for  the  establishment  of  the  Institute  and  will  review  the  research 
activities  and  plans  for  the  future. 


1.  INTRODUCTION 

The  proliferation  in  interest  and  published  literature  in  smart  structures  and  materials 

technology  in  the  late  1980s,  stimulated  the  University  of  Strathclyde  to  undertake  a 

comprehensive  feasibility  study  on  its  status  and  prospects. 

The  results  of  this  study  are  summarised  below; 

■  the  technology  is  truly  multi-disciplinary. 

■  considerable  user  pull  exists  and  the  level  of  interest  will  continue  to  grow. 

■  a  wide  range  of  applications  are  being  addressed  and  lie  in  the  short,  medium  and  long 
term. 

■  activities  in  the  US  and  Japan  have  led  to  extensive  networking  of  knowledge/ 
excellence;  although  not  technologically  behind,  effort  in  Europe  is  fragmented. 

•  the  availability  of  multifunction  smart  materials  will  have  a  dramatic  affect  upon  the 
approaches  to  structural  design. 

■  technology  is  immature  and  the  science  base  needs  to  be  developed. 

■  the  University  of  Strathclyde  has  a  near  ideal  mix  of  enabling  skills/experience  to  take 
on  board  scientific  developments  in  this  field. 

■  The  time  is  right  for  a  European  based  multi-disciplinary  world  centre  of  excellence  in 
this  key  21st  century  technology. 

As  a  result  the  Smart  Structures  Research  Institute  was  formed  and  has  been  active  since 

February  1991. 
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2.  ORGANISATION  OF  THE  SMART  STRUCTURES  RESEARCH  INSTITUTE 

The  mission  of  the  Institute  is  simple:  to  ensure  the  University  of  Strathclyde  becomes  a 
world  centre  of  excellence  and  leader  in  Smart  Structures  and  Materials  research. 


The  m^in  '•trcani  activiiy  of  the 
Institute  is  scientific  research,  operating 
in  a  project  based  manner,  with 
research  teams  established  from  the 
relevant  disciplines  to  meet  the  target 
objectives  of  the  project.  By  this 
approach,  the  most  efficient  use  of 
available  resources  is  made,  with 
minimum  duplication  of  effort.  The 
organisation  is  shown  in  Figure  1, 
showing  the  various  contributory 
departments  and  affiliates. 

The  key  to  this  initiative  is  effective 
project  management,  and  associated  with  this,  the  Institute  Director  and  his  staff 
perform  a  number  of  important  functions  in  close  collaboration  with  academic  staff: 

■  identification  and  planning  of  research  with  academic  staff. 

■  organisation  and  coordination  of  project  teams  from  the  relevant  departments/ 
affiliates. 

■  proposal  preparation  to  secure  funding. 

■  management  of  research  projects. 

■  encourage  and  stimulate  communications  between  various  University  departments  and 
affiliates. 

■  to  interface  with  the  outside  world  in  Smart  Structures  and  Materials  Technology. 


Figure  1 


3.  PROGRAMME  OF  WORK 

As  already  discussed,  applications  fall  into  short,  medium  and  long  term  timescales,  all  of 
which  need  to  be  supported  by  a  strong  fundamental  science  base.  In  response  to  this,  a 
flexible,  multi-tier  programme  of  work  has  been  defined: 

■  Level  1  -  Fundamental  Science  ■  Level  3  -  Independent  Research 

■  Level  2  -  Collaborative  Research  ■  Level  4  -  Institute  Membership 
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3.1  Fundamental  Science  Programme 

The  Fundamental  Science  programme  is  viewed  as  the  'backbone'  of  the  Institute,  and  a 
number  of  projects  have  already  been  initiated; 

■  Embedded  Sensor  Systems 

■  Adaptive  Structures 

■  Molecularly  Smart  Materials 

3.2  Collaborative  &  Independent  Research  Programme 

The  Collaborative  and  Independent  Research  programmes  are  designed  to  accommodate  a 
wide  range  of  research  objectives  and  commitments  from  cooperating  industrial  partners 
and  government  laboratories. 

Collaborative  programmes  already  identified  include: 

•  Composite  cure  monitoring 

•  Damage  detection/structural  integrity  monitoring 

■  Distributed  sensing 

■  Novel  actuator  systems 

■  Monitoring  civil  engineering  structures 

■  Strain  indicative  climbing  rope. 

3.3  Institute  Membership  Programme 

The  objective  of  the  Institute  Membership  Programme  is  to  provide  companies, 
organisations  and  individuals  with  a  cost-effective  means  of  tracking  the  development  of 
Smart  Structures  technology.  The  task  of  monitoring  technical  developments  world-wide 
is  not  easy,  even  for  major  corporations.  In  the  case  of  Smart  Structures  and  Materials 
systems,  the  task  is  particularly  difficult  since  the  inter-relationship  between  several 
technical  disciplines  needs  to  be  monitored  and  interpreted. 

By  tracking  developments  in  these  various  disciplines,  the  Institute  Membership 
Programme  will  provide  invaluable  input  to  Managers  and  Directors  of  Research  in 
..nswering  some  important  questions:- 

■  Is  the  proof-of-concept  sufficiently  established  for  a  sp)ecific  application? 

•  What  are  the  major  technical  challenges  which  need  to  be  addressed? 
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■  Where  are  the  critical  cost  parameters? 

■  How  strong  is  the  science  base  for  sptecific  research  developments? 

■  Is  the  timing  rignt  for  applied  research? 

■  What  level  of  commitment  should  be  made  novy,  and  within  the  5-year  time  frame? 

Input  for  these  and  similar  questions  will  cover  developments  both  in  the  enabling 
technologies  and  in  the  growing  applications  base. 

The  Institute  Membership  Programme  is  an  information  dub,  its  product  facilitated 
through  four  main  services: 

■  Quarterly  information  newsletter 

■  Data  Base 

■  Annual  Conference 

■  Seminars  &  Workshops 

4,  CONCLUSIONS 

Smart  structures  and  materials  technology  will  undoubtedly  yield  a  wide  range  of  new 
materials  plus  new  material  sensing  and  actuation  technologies  and  this  will  have  a  radical 
effect  on  current  approaches  to  structural  design.  To  date,  a  considerable  amount  of 
resources  have  been  applied,  but  the  technology  is  still  largely  immature  ar.d  there  is  a 
necessity  to  develop  the  underpinning  interdisciplinary  science  base.  To  meet  this  need, 
the  Smart  Structures  Research  Institute  is  the  first  initiative  to  be  established  in  Europe  and 
is  dedicated  to  the  development  of  this  new  and  exciting  technology. 
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ABSTRACT:  Successful  application  of  adaptive  structures  technology  for  vibration 
suppression  of  future  space  systems  will  require  the  integration  of  several  technologies.  The 
integration  of  control  electronics  systems  with  space  adaptive  structures  systems  is  discussed. 
Some  of  the  recent  developments  in  the  areas  of  passive  vibration  damping,  active  control 
of  vibratory  response,  embedded  sensors  and  actuators,  and  electronic  systems  including 
sensors  and  actuators  are  discussed.  To  take  advantage  of  the  fast  moving  developments  in 
these  several  technologies  it  is  necessary  to  define  parameters  for  optimization  of  integrated 
vibration  control  systems. 


I.  INTRODUCTION 

Future  space  systems  will  require  stable  precision  structures  to  accommodate  sensors 
with  stringent  limitations  on  line-of-sight  (LOS)  errors  and  jitter  caused  by  vibratory  response 
of  the  structure.  Vibration  can  be  excited  by  rapid  retargeting  maneuvers;  onboard  equipment 
such  as  cryo-coolers  ,  momentum  wheels,  or  control  moment  gyros;  and  propulsion  or  attitude 
control  systems.  Numerous  studies  have  been  conducted  of  vibration  suppression  systems  to 
achieve  this  high  level  of  performance  including  systems  with  passive  damping,  active  control, 
embedded  sensors  and  actuators,  and  combinations  of  each  of  these.  Several  investigators  have 
reported  that  one  of  the  major  limitations  of  active  control  systems  is  the  electronic 
compensator;  stating  concerns  with  weight,  power  consumption,  speed  and  computing  capacity 
and  robustness.  Others  have  reported  that  augmented  passive  damping  is  required  to  maintain 
stability  in  an  actively  controlled  structure  with  several  modes  in  the  control  bandwidth.  This 
paper  reviews  some  of  the  recent  investigations  into  the  synergistic  effects  of  passive  damping 
and  active  control  of  structures  to  be  used  in  space,  as  well  as  emerging  electronics  technology 
that  could  significantly  improve  active  vibration  control  systems.  The  obvious  conclusion  to  this 
review  is  'hai  the  most  effective  approach  to  developing  adaptive  structures  for  vibration  control 
of  space  structures  is  to  couple  rapidly  improving  electronics  technology  with  modern  control 
.  I'>v:  lOP  Piiblishuia  I  ul 
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theory,  new  sensor  and  actuator  technology,  and  latest  developments  in  the  design  of  passively 
damped  structures. 

11.  VIBRATION  SUPPRESSION 

There  have  been  several  investigations  of  utilizing  feedback  control  systems  for  active 
vibration  suppression  of  space  structures.  Many  of  these  systems  ,  such  as  Gehling  (1991),  Voth 
and  Stroughton  (1991),  have  utilized  proof  mass  actuators  (PMA)  to  apply  corrective  forces  to 
the  structure  for  the  control  of  structural  vibration.  Others  such  as  Obal  (1986).  and  Bronowicki 
(1990)  have  demonstrated  the  feasibility  of  utilizing  piezoelectric  devices  as  both  sensors  and 
actuators.  Independent  of  the  type  of  actuators,  it  has  been  shown  that  the  problem  of  active 
control  becomes  increasingly  difficult  with  increases  in  the  amount  of  vibration  suppression 
required  as  well  as  increases  of  the  modal  density  of  the  structure  to  be  controlled.  Obal  used 
a  band  pass  filter  and  phase  shifting  circuit  tuned  to  each  of  the  fairly  well  separated  modes  of 
a  beam.  As  the  structure  becomes  more  complex  and  modal  densities  increase  so  does  the 
difficulty  of  establishing  an  accurate  analytical  model  of  structural  response.  Stability  of  the 
control  system  is  highly  dependent  on  the  accuracy  of  the  plant. 

von  Flotow  and  Vos  (1991)  pointed  out  that,  for  structures  with  many  closely  spaced 
modes  in  the  control  band,  uncertainties  in  the  plant  will  cause  compensators  to  become  unstable 
unless  significant  passive  damping  is  present.  Even  in  the  case  of  carefully  characterized 
laboratory  structures,  with  single  input  single  output  (SISO).  passive  damping  in  the  range  of 
1  to  4%  critical  viscous  is  required  for  phase  stability  in  the  control  bandwidth.  In  uncertain 
structures  the  required  passive  damping  levels  would  be  much  higher.  Significant  damping  is 
also  required  for  gain  stability  at  frequencies  higher  than  the  control  bandwidth  where  poorly 
modeled  modes  are  likely. 

Structures  of  typical  space  systems  have  high  modal  densities  and  multiple  input  multiple 
output  (MIMO).  Applying  modern  control  design,  with  position  as  well  as  velocity  feedback, 
to  such  systems  can  become  very  cumbersome  when  dealing  with  high  order  systems.  Accuracy 
and  speed  of  the  control  system  decreases  as  the  size  of  the  model  increases.  This  forces  the 
designer  to  reduce  the  order  of  the  model  and  iterate  until  the  desired  performance  and  stability 
is  achieved.  This  reduced  order  controller  is  subject  to  "spillover”  instabilities  caused  by 
unmodeled  modes,  often  requiring  several  design  iterations  of  the  model.  Experiences  with  both 
LQR^LTR  (Gehling  1991a)  and  Hoo  (Voth  and  Stoughton  1991)  indicate  that  stable  active 
control  on  a  typical  MIMO  space  craft  structure  could  not  be  achieved  without  significant  levels 
of  passive  damping. 

Passive  damping  can  be  achieved  through  a  number  of  techniques  including  incorporation 
of  viscoelastic  materials  (VEM),  viscous  struts,  passively  shunted  piezoelectric  devices,  and 
magnetic  damping  devices.  In  fact,  "passive"  damping  can  in  effect  be  achieved  through  low 
authority  active  control  with  local  direct  velocity  feedback.  This  type  of  low  authority  controller 
does  not  exhibit  the  stability  problems,  nor  does  it  have  the  performance  of  the  high  authority 
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control  systems.  Of  course,  the  system  designer  must  trade  off  the  benefits,  risks,  costs  and 
complexity  of  active  versus  the  various  passive  approaches.  Case  studies  comparing  passive 
piezoceramic,  viscous,  and  viscoelastic  damping  approaches  are  being  presented  at  this 
conference  (von  Flotow  et  al  1991b). 

Increasing  passive  damping  through  the  use  of  viscoelastic  materials  is  a  mature 
technology  with  several  well  developed  design  techniques  available.  Although  properties  of 
VEMs  are  temperature  and  frequency  dependent,  and  effective  optimization  of  VEM  damped 
structures  require  careful  consideration  of  modal  strain  energies  and  wave  lengths,  these 
materials  have  been  successfully  used  in  airframes,  turbine  engines,  automotive  and  naval 
systems  for  several  years  (Nashif  et  al  1985).  Considerable  recent  progress  has  been  made  in 
resolving  technical  questions  pertaining  to  the  use  of  VEM  in  space  structures,  including  better 
correlation  VEM  mechanical  property  tests,  greatly  improved  VEM  data  bases,  and  improved 
finite  element  based  design  procedures.  Additional  questions  need  to  be  answered  including  a 
better  understanding  of  space  environmental  effects  on  VEM  and  quantified  outgassing 
information  on  VEM  in  representative  configurations.  The  time  has  come  to  identify  and 
resolve  those  areas  that  are  hampering  the  integration  of  a  powerful  body  of  VEM  damping 
technology  into  adaptive  structures  vibration  control  strategies. 

HI.  ELECTRONICS  AND  POWER 

The  application  of  adaptive  structures  concepts  to  vibration  control  of  operational  systems 
will  require  the  marriage  of  structural  dynamics,  active  control,  passive  damping,  and  electrical 
and  electronics  technologies.  It  is  common  to  assume  that  the  phenomenal  growth  in  the 
electronics  arena  will  continue  and  will  provide  for  all  future  needs.  Such  may  not  be  the  case. 

In  an  adaptive  structure  the  value  of  a  parameter  that  indicates  the  status  of  a  structural 
element  is  measured  and  a  corrective  action  is  taken  to  compensate  for  any  undesired  deviation 
in  that  status.  The  elements  of  an  active  vibration  suppression  system  are  the  sensors  that 
measure  strain,  displacement  or  acceleration,  the  force  generators  that  apply  the  corrective 
action,  and  the  electronics  that  process  the  sensor  signals  and  produce  the  instructions  to  power 
the  force  generators.  The  interactions  among  these  elements  are  controlled  by  the  electronics 
system  and  the  optimization  of  that  system  presents  both  a  challenge  and  an  opportunity. 

The  heart  of  any  adaptive  structures  system  is  the  sensor  suite  and  the  associated  force 
generators.  While  strain  is  the  most  common  parameter  measured,  there  will  be  other 
measurements  that  are  important  to  the  system.  Strain  sensors  may  include  metallic  strain 
gauges,  piezoelectric  gauges  (both  ceramic  and  polymeric),  digital  sensors  and  any  of  several 
fiber  optic  concepts  under  development.  Piezoelectric  force  generators  are  the  baseline  for  many 
advanced  adaptive  structures  applications.  Many  sensors  and  force  generators  require  an  analog 
bias  and  produce  an  analog  output  and  many  of  the  electronics  system’s  reliability,  accuracy  and 
operational  problems  will  stem  from  the  generation,  conditioning  and  transmission  of  these 
analog  signals.  From  an  electronics  and  electrical  stand  point,  total  power  and  power  profile  are 
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the  overriding  issues  in  the  generation  of  forces.  The  analog  output  from  the  sensors  will  have 
to  be  converted  to  digital  form  for  processing.  This  conversion  should  be  accomplished  as  close 
to  the  source  as  possible  and  the  ultimate  solution  would  be  to  generate  a  digital  signal  directly, 
integrated  sensors  that  produce  a  digital  signal  are  under  development.  These  sensors  are 
produced  by  micromachining  techniques  similar  to  those  used  to  make  integrated  circuits  and 
may  be  configured  to  measure  strain,  acceleration,  pressure,  flow  or  humidity.  Auxiliary 
circuitry  may  be  fabricated  directly  on  the  sensor  substrate.  The  complexity,  size,  weight  and 
reliability  of  the  electronics  may  drive  the  sensor  and  force  generator  selection  in  a  space 
application. 

The  electronics  system  that  controls  an  adaptive  structure  will  perform  a  number  of 
functions.  While  many  of  these  functions  are  similar  for  a  test  system  and  a  flight  system, 
design  parameters  are  quite  different  and  the  differences  must  be  considered  in  the  technology 
development  if  a  robust  technology  is  to  be  available  for  technology  transition.  The  electronics 
must  accept  signals  from  a  number  of  sources  distributed  throughout  the  structure,  condition  and 
usually  digitize  those  signals,  transmit  the  signals  to  processing  sites,  provide  bias  and 
housekeeping  power  to  a  variety  of  components,  solve  algorithms  that  may  be  quite 
computationally  intensive,  produce  appropriate  control  signals  for  the  force  generators,  generate 
and  hand-off  data  to  the  host  system,  regenerate  itself  after  any  number  of  disruptive  events  and 
recalibrate  the  system  as  required.  Redundancy,  lifetime,  noise-immunity  and  reliability  issues 
complicate  the  electronics  system  design  and  compensation  must  be  provided  for  environmental 
effects.  The  availability  of  processors  should  not  be  a  problem  unless  radiation  hardness 
becomes  an  issue  but  the  architecture  should  be  addressed  early  in  the  development  cycle  to  give 
time  to  optimize  the  system.  Multiplexing  to  minimize  cabling  will  be  important  and  bus  systems 
should  be  evaluated  to  take  advantage  of  recent  and  projected  developments. 

Random  access  memory  is  required  to  support  the  processors  and,  if  multiple  processors 
are  used,  there  are  a  number  of  options  for  sharing  or  mutually  accessing  sections  of  the 
memory.  Nonvolatile  memory  is  needed  to  store  critical  parameters  and  code  for  system  start-up 
and  for  reinitialization  after  an  interruption.  Archival  memory  may  be  required  to  store  system 
history  for  troubleshooting  or  for  a  reference  to  modify  control  algorithms  to  compensate  for 
aging  or  damage  effects.  As  with  the  processors,  commercially  available  memory  should  suffice 
unless  there  is  a  radiation  hardness  requirement. 

The  speed  that  is  achieved  on  modern  integrated  circuit  chips  is  lost  between  chips 
because  of  the  packaging.  Multichip  packages  and  innovative  ways  of  attaching  chips  to 
substrates  are  being  developed  and  the  adaptive  structure  system  should  take  advantage  of  those 
developments.  Connectors  are  historically  a  weak  point  in  any  electrical  system  and  a  distributed 
adaptive  structures  system  may  have  very  severe  connector  problems.  In  this  as  in  other 
technology  areas  discussed,  the  adaptive  structures  community  may  be  able  to  influence  the 
direction  of  development. 

The  power  budget  on  any  space  craft  is  critical  and  every  milliwatt  is  jealously  accounted 
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for.  TTie  total  energy  consumed  over  the  life  ^f  the  space  craft  is  important  whether  its  impact 
is  measured  in  terms  of  solar  cell  life  or  consumable  weight.  Passive  damping  has  been  shown 
to  save  as  much  as  99%  of  the  power  expended  for  active  vibration  control.  The  schedule  on 
which  the  power  is  demanded  may  also  be  critical  because  the  power  source  or  distribution 
system  may  be  overtaxed  resulting  in  burn-out  or  unacceptable  voltage  drops  if  an  adaptive 
structures  demand  surge  happens  to  coincide  with  a  demand  from  another  load.  Transients  and 
interruptions  in  the  prime  power  supply  must  be  expected  and  the  system  must  be  designed  to 
recover  from  a  variety  of  power  system  malfunctions.  Power  systems  are  notorious  sources  for 
electronic  noise.  Many  problems  can  be  avoided  with  good  power  system  design  practice  but 
some  types  of  loads  are  inherently  more  noisy  than  others  and  this  should  be  considered  early 
in  the  development  cycle.  Rapid  switching  of  a  load  will  produce  transients  that  radiate 
electromagnetic  energy  that,  in  turn,  will  be  coupled  into  other  circuits  in  the  vicinity.  Common 
solutions  to  this  problem  tend  to  be  heavy  and  can  introduce  thermal  management  problems  in 
a  spacecraft.  It  is  usually  desirable  to  transmit  power  at  the  highest  practical  voltage  to 
minimize  conductor  weight  and  inverter  circuitry  that  generates  an  alternating  or  pulsed  current 
is  often  employed.  If  this  pulsed  power  could  be  applied  directly  to  the  force  generator  the 
entire  system  could  be  simpler,  lighter,  more  reliable  and  more  responsive.  This  is  just  one 
example  of  synergism  that  could  be  realized  from  an  integrated  approach  to  system 
development. 

Radiation  hardness  is  a  very  important  issue.  The  radiation  levels  a  given  electronics 
device  will  experience  are  a  function  of  mission,  scenario  and  shielding  and  the  ability  of  a 
device  to  withstand  radiation  is  a  function  of  device  material,  device  design,  device  fabrication, 
circuit  design,  operational  requirements  and  software  design.  All  space  systems  must  be  able 
to  withstand  the  natural  environment  and.  depending  on  the  scenario  adopted,  may  have  to 
withstand  a  nuclear  weapon  event.  It  seems  risky  to  develop  a  military  technology  that  cannot 
withstand  at  least  some  nuclear  weapon  induced  radiation.  An  electronic  device  is  much  more 
susceptible  to  both  hard  (nonrecoverable)  and  soft  (recoverable)  damage  if  it  is  in  operation 
during  the  time  it  is  subjected  to  high  radiation  levels.  It  is  very  important  to  determine  whether 
or  not  the  device  must  be  operating  during  a  nuclear  event.  A  requirement  that  the  electronics 
be  turned  off  when  radiation  levels  are  high  could  have  significant  effects  on  the  stability  of  the 
system  and  on  the  form  of  the  algorithms.  It  may  seem  that  this  is  an  issue  the  adaptive 
structures  developer  can  defer  but  the  availability  of  radiation-hard  electronics  is  very  limited 
and  unless  requirements  for  hardened  components  are  identified  to  the  device  developer,  the 
research  and  development  of  such  parts  may  never  be  accomplished. 

IV  SUMMARY  AND  RECOMMENDATIONS 

Adaptive  structures  faces  a  dilemma  that  is  all  too  common  when  many  technologies  must 
be  married.  Rapid  progress  is  being  made  in  several  related  technologies,  but  the  direction  of 
future  progress  depends  heavily  on  the  integration  of  the  output  of  divergent  technical 
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communities  that  have  not  communicated  well  i^  the  past. 

The  vibration  suppression  community,  has  made  tremendous  strides  in  developing  both 
active  control  and  passive  damping  technologies  applicable  to  space  systems.  A  few  investigators 
are  now  looking  at  the  synergistic  benefits  of  both  active  control  and  passive  damping  on  the 
response  of  test  systems,  such  as  in  the  PACOSS  program  (Gehling  1991a.  Voth  and  Stroughton 
1991),  in  the  SPICE  program  (Yiu  1991),  and  at  the  Air  Force  Institute  of  Technology 
(Gaudreault  et  al  1991).  More  effort  should  be  concentrated  on  integration  applicable  to  flight 
systems. 

The  adaptive  structure  specialist  tends  to  view  electronics  as  a  catalog  of  capabilities  and 
asks  for  an  index  to  the  catalog.  The  electronics  specialist  asks  for  a  detailed  definition  of  the 
problem  so  that  he  can  develop  an  ideal  electronics  sub-system.  Neither  the  catalog  nor  the 
detailed  definition  exists  and  cannot  without  an  iterative,  cooperative  program.  Ideally,  a 
balanced  approach  will  lead  to  early,  cost-effective  use  of  all  these  technologies. 
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ABSTRACT:  The  proposed  ducted  fan  engine  has  prompted  the  need  for  increasingly 
lightweight  and  efficient  noise  control  devices.  Exploratory  tests  at  the  NAS  *^  '.angley 
Research  Center  were  conducted  to  evaluate  three  piezoelectric  specimens  as  possible 
control  transducers,  a  Polyvinylidene  Elouride  (PVDF)  piezofilm  sample  and  two 
composite  samples  of  l-ead  Zirconate  Titanate  (PZT)  rods  embedded  in  fiberglass.  The 
tests  measured  the  acoustic  output  efficiency  and  evaluated  the  noise  control 
characteristics  when  interacting  with  a  primary  sound  source.  The  results  showed  that  a 
PZT  sample  could  diminish  the  reflected  acoustic  waves.  However,  the  PZT  acoustic 
output  must  increase  by  several  orders  of  magnitude  to  qualify  as  a  control  tran.sducer  for 
the  ducted  fan  engine. 


I.INTRODLCTION 

The  unique  noise  generating  properties  of  the  proposed  ducted  fan  engines  are  forcing  die 
aeroacoustician  to  consider  new  techniques  to  reduce  the  sound  levels  of  these  engines  to 
acceptable  levels.  The  proposed  engine  will  be  about  10  ft  in  diameter,  and  10  ft.  long. 
This  design  is  predicted  to  generate  noise  levels  over  150  dB  inside  the  engine,  with  very 
limited  space  for  noise  attenuation  devices  or  liners.  Among  the  techniques  being 
considered  as  a  solution  for  this  unique  problem  is  active  noi.se  control.  One  of  the  primary 
difficulties  of  providing  an  active  noise  control  system  for  this  application  is  the  need  for 
extended  spatial  control  of  the  spinning  modes  inside  a  duct  (ref  1).  One  possible  method 
for  achieving  extended  spatial  control  is  to  use  a  distribution  of  highly  efficient,  lightweight 
sound  sources. 

A  current  program  at  NASA  Langley  Research  Center  is  investigating  alternative  sound 
sources  and  their  application  to  the  noise  control  problem.  As  a  first  step  in  the 
development  process,  two  exploratory  tests  were  conducted  to  evaluate  the  acoustic 
transduction  properties  of  three  piezoelectric  samples.  Piezoelectric  materials  vibrate  and 
produce  sound  when  driven  by  an  input  voltage.  If  sufficiently  large  acoustic  outputs  that 
would  match  the  predicted  levels  of  the  proposed  engine  can  be  obtained  directly  from  these 
piezoelectric  samples,  they  may  be  used  as  direct  in  duct  acoustic  actuators.  However,  if 
the  direct  acoustic  outputs  are  insufficient,  the  piezoelectric  material  may  have  to  be 
coupled  with  a  heavier  or  larger  structure  to  amplify  the  acoustic  outputs. 
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2.  DESCRIPTION  OF  PIEZOELECTRIC  SAMPLES 

Three  piezoelectric  samples,  one  Polyvinylidene  Flouride  (PVDF)  piezofilm  sample  and 
two  Lead  Zirconate  Titanate  (PZT)  composites  were  tested.  The  first  sample  evaluated  was 
a  28-pm-thick  PVDF  piezo  film  embedded  in  a  block  of  foam.  Figure  1(a)  illustrates  the 
sample  in  its  test  configuration  and  indicates  the  relative  motion  of  the  film.  The  other  two 
samples  were  composites  of  PZT  rods  embedded  in  Fiberglass.  The  cross-sectional  areas  of 
the  PZT  rods  in  the  two  composites  were  1  mm-  and  0.2.5  mm-,  spaced  4.5  mm  and  2.3  mm 
apart,  respectively.  Both  PZT  samples  had  a  surface  density  of  5%  PZT.  Figure  1(b)  shows 
the  configuration  of  the  PZT  composites. 


Figure  1.  Piezoelectric  Samples. 


3.  ACOLSTIC  RESPONSE 
MEASUREMENT 

The  first  test  was  to  a.scertain  the  acoustic 
response  of  the  samples  as  functions  of 
frequency  and  excitation  voltage.  This  was 
done  by  mounting  each  sample  normal  to  the 
axis  of  a  2-in.  by  2-in.  duct  with  a 
nonreflecting  termination  and  measuring 
sound  levels  approximately  one  meter  from 
the  sample.  The  samples  were  driven  at 
various  input  voltages  over  a  frequency  range 
of  200  to  2500  Hz  in  1(X)  Hz  increments. 
Figure  2  shows  a  schematic  of  it  j  setup. 
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Figure  2.  Progressive  Wave  Tube 
used  to  measure  acoustic  efficiency. 
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Figure  3  shows  a  frequency  response  plot  of 
the  acoustic  output  for  the  PVDF  piezofilm. 
The  piezofilm  was  driven  by  an  input  of  150 
Vfms  the  maximum  voltage  the  PVDF-foam 
configuration  could  sustain.  A  peak  sound  £■ 
pressure  level  (SPL)  of  64.9  dB  (re  20  pPa)  ~ 
was  measured.  To  test  for  linearity  of  « 
acoustic  output  vs.  voltage  input,  an  input  of 
75  was  used.  The  acoustic  response 

for  both  input  voltages,  shown  in  figure  3, 
illustrates  that  for  most  frequencies,  the 
change  in  acoustic  output  is  directly  related 
to  the  change  in  excitation  voltage  or: 

Vi 

AdB  =  20  log 
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tSO  Vrma 
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0  1000  2000  3000 

FREQUENCY,  Hz 

Figure  3.  Acoustic  output  data  for  the 
PVDF  Piezofilm. 


for  this  range  of  excitation  voltage,  indicating  linearity.  Some  points  in  figure  3  did  not 
exhibit  a  linear  increase  with  the  change  in  voltage,  most  likely  because  the  sound  pressure 
levels  were  below  the  range  of  the  acoustic  measurement  system. 


The  PZ  r  pieztKeramlc  samples  were  driven  at  250  Figure  4(a)  shows  the  frequency 

response  of  the  PZT  sample  with  l-mm--cross-section  rods.  The  peak  in  the  response  curve 
(78.3  dB)  indicates  a  resonant  response  of  the  sample  for  the  frequency  range  tested.  Figure 
4(b)  shows  the  frequency  response  of  the  PZT  sample  with  0.25-mm*-cross-section  rods. 
The  response  curve  is  similar  to  that  of  the  previous  PZT  sample,  but  with  a  higher 
maximum  SPL  of  86.4  dB  (re  20  pPa)  measured.  A  shift  in  the  peak  and  slope  of  the 
curves  can  be  observed  in  Figures  4(a)  and  4(b).  Both  samples  were  also  driven  at  100 
to  check  linearity.  Figures  4(a)  and  4(b)  illustrate  that  with  an  increa.se  from  100 


to  250  the  change  in  decibels  satisfied  the  equation  above  (AdB  =  8  dB),  thus 


exhibiting  linear  behavior. 
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Figure  4.  Acoustic  output  data  for  PZT  piezoceramic  samples. 
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4.  NOISE  CONTROL  EVALUATION 


The  second  test  was  conducted  to  investigate  the  ability  of  a  piezoelectric  sample  to  alter  a 
simple  standing  wave  field  by  controlling  the  termination  boundary  condition  or  acoustic 
impedance  in  a  standing  wave  tube.  The  standing  wave  tube  is  a  closed  duct  in  which 
incident  and  reflected  acoustic  waves  combine  to  create  a  standing  wave  (ref.  2).  The 
standing  wave  tube  was  used  to  determine  if  the  active  sample  could  act  as  a  nonreflecting 
termination  for  various  phase  settings  relative  to  a  primary  sound  source.  The  PZT  sample 
with  0.25  mm-  cross-section  rods  was  used  as  the  secondary  source  in  this  test  since  it  gave 
the  highest  acoustic  output  of  all  three  samples  tested. 
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The  sample  was  mounted  at  one  end  of  a  2- 
ft  long  standing  wave  tube,  as  shown  in 
figure  5,  with  acoustic  drivers  on  the  other 
end  to  produce  an  incident  sound  field.  The 
acoustic  drivers  and  the  sample  were 
adjusted  to  produce  the  same  acoustic  output 
levels  at  each  frequency  tested.  The 
standing  wave  produced  in  the  tube  was 
determined  by  fitting  the  data  measured  by 
the  axially  traversing  probe  microphone 
with  the  equation  for  a  standing  wave  (ref. 

2).  Changes  in  the  standing  wave  pattern 
were  then  measured  as  the  PZT  sample  was  driven  at  various  phase  settings  relative  to  the 
acoustic  drivers.  A  significant  reduction  in  the  standing  wave  ratio  SWR  would  indicate 
that  the  reflected  wave  from  the  sample  was  being  minimized. 


Figure  5.  Standing  Wave  Tube 


The  PZT  sample  was  driven  at  250  input,  over  a  frequency  range  of  5(X)  to  2500  Hz, 
in  KX)  Hz  increments.  The  relative  phase  was  varied  from  0  to  180  degrees  in  30  degree 
increments.  Changing  the  relative  phase  settings  varied  the  SWR  at  all  frequencies  tested. 
For  this  range  of  frequencies,  the  change  in  SWR  ranged  from  4.2  dB  to  44  dB.  The 
relative  phase  settings  at  which  the  maximum  and  the  minimum  SWR  were  observed  were 
different  for  each  frequency  tested.  Figures  6(a)  and  6(b)  are  plots  of  measured  standing 
waves.  Each  plot  shows  SPL  (re  20  pPa)  vs.  distance  from  the  face  of  the  sample.  A 
typical  SWR  variation  (in  this  case,  an  increase)  is  shown  in  figure  6(a).  Figure  6(b) 
illustrates  one  of  the  significant  reductions.  The  maximum  standing  wave  ratio  for  this 
frequency  was  18  dB  when  the  sample  was  at  a  phase  setting  of  180  degrees.  When  the 
phase  was  set  to  90  degrees,  the  SWR  was  reduced  to  1 .2  dB, 


A  survey  of  SWR  versus  phase  setting  at  1900  Hz,  in  increments  of  1  degree,  determined 
that  the  optimal  phase  setting  was  82  degrees,  which  provided  a  SWR  of  less  than  1  dB. 
This  result  indicates  that  the  reflected  wave  from  the  sample  is  nearly  eliminated. 
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Figure  6.  SWR  Plots  for  Various  Relative  Phase  Settings. 


The  acoustic  ouputs  of  the  three  piezoelectric  samples  were  found  to  vary  linearly  with 
input  voltage.  The  sample  with  the  largest  acoustic  output  was  used  as  an  active  termination 
in  a  standing  wave  tube.  A  significant  reduction  in  standing  wave  ratio  was  achieved, 
demonstrating  that  an  active  piezoelectric  sample  can  eliminate  a  reflected  wave.  The 
acoustic  output  of  the  samples  was  far  below  the  level  necessary  to  control  the  ducted  fan 
engine.  To  be  useful  for  active  noise  control,  the  response  of  piezoelectric  materials  must 
be  increased  by  several  orders  of  magnitude.  Amplifying  the  acoustic  output  of 
piezoelectric  materials  remains  a  challenge  for  the  active  noise  control  and  advanced 
materials  community. 
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ABSTR At  T 

This  paper  prcsonis  iwo  design  approaches  for  ihc  acljvo 
toiilml  of  acousiie  radiatHm.  The  isso  approaches  drscussed 
crnpli>%  spatial  mosla)  fillers  wjih  feedforNfcard  and  fccdhack 
ilesij»ns.  respeciivelv  Rriiadband  feedback  conirol  systems 
have  ihs*  advantage  over  I'eedforsvard  conirol  systems  in  that 
ihe>  di'  ri(M  require  the  decmipltng  tneuirali/ation)  of  a  suiiahJe 
reference  signal.  In  the  forniulaiion  of  hoih  control  systems, 
ihe  iransfer  lunclions  ass<Kiaicd  wuh  the  actuators  and  sensors 
are  modeled  bs  dillerem  group  delays,  Tlie  effects  of  these  group 
delasc  ori  ihe  bandwidth  [XTlormance  between  the  feedforward 
and  leedb.uk  designs  are  conip.ired  The  study  described  here 
illustrates  the  fundanicnial  {xrlormance  dilferences  between  the 
rniHiiil  based  feedforward  and  Iccdback  active  conirv'l  systems 
that  are  eonstrairiod  to  act  cau,sally.  Comparisons  of  the 
^oniri'llc’d  and  vinconiTolled  vibration  energy  and  the  acoustic 
energs  are  discussed  T  he  analysis  and  simaUiion  results  use 
the  dvnamics  of  a  simply  supported  plate  m  air.  The  results 
indicate  that  if  the  censor  group  delay  is  small  c<'mparc<}  with 
the  .ictuator  group  del;i\  then  feedback  slesign  can  achieve  the 
same  '.ancelljiu»ri  pcrfcirmance  as  the  perfectly  ncutrafi/ed 
leedforw.ird  vtesign  Purlherniore.  the  tesults  also  show  ifiat 
sjx'cial  care  nuisi  be  taken  whenever  the  active  control  syctem 
IS  designed  to  suppress  only  the  high  efficiency  radiating 
modes,  since  n  is  jxissible  to  increase  the  radiation  efficiency 
of  an  uncontfollc'd  mode  wiih(>ui  mcrcicsing  its  vibration  level. 
This  can  be  accomplished  by  changing  the  relative  phasing  of 
the  modal  rectvm.se  wuhoui  changing  its  magniltidc* 

IN  I  KODl  (  TION 

Much  oi  the  research  in  active  cimiri'l  of  sound  radiation 
employs  ad.ipt5vc  iiliefing  technujues  or  the  so-called 
teedforwarki  system  Ailapiive  filtering  methods  for  acoustic 
suppression  have  been  appheiJ  .successfully  in  a  number  of 
practical  problems,  such  ac  noise  cumtrol  in  a  fan  duct,  aircraft 
cabins  and  the  silencing  of  an  engine  exhaust  system.  If  the 
active  control  system  ts  to  suppress  the  acoustic  response  at 
ii, 'cations  where  acoustic  measurements  are  available,  then 
adaptive  feeilforward  filters  can  be  used  to  cancel  the  measured 
sound  from  an  error  microphone  This  type  of  active  control 
system  IS  referred  to  a.s  a  feedfmward  design  with  system 
iden'tficaiion  An  alicmaiive  .approach  which  does  not  require 
acumsiic  measurements  is  to  control  the  vibrational  modes  that 
^omribuic  the  most  to  ilu'  radiated  acoustic  energy. 

It  has  been  shown  that  niod.il  ba.se<l  active  control  can  minimi/c 
the  number  id  actuators,  sensors,  and  control  energv  This  is 
espcxmllc  true  if  the  vibration  problem  is  known  (o  mvo/vc 
only  a  few  v^nilicant  radiating  mtxlcs.  The  advantage  of  modal 
based  .ictive  control  strategy  is  that  the  vibration  motion  from 
individual  mndes  can  be  estimated  without  introducing  time 
delay  into  the  cancellation  path  A  time  delay  will  be  mtrorluccil 
'he  acoiisru  prop.xg.u,on  where  acoustic  mca.surcments  are 
used.  Therefore,  it  is  possible  m  dcvch'p  a  modal  ba.sed  active 
conirol  system  using  feedback  design  since  acoustic 
pri'pagation  delay  can  present  s(.ibiliiv  problems  in  the 
feedback  dc's;gn 

There  arc  m.i.'-y  factiirs  th.i!  tr.fl'jencc  the  success  of  an 

.iciivc  c'nirol  system  m  any  given  .application  One  of  the  main 
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factors  i.s  the  selection  of  cither  feedforward  or  feedback  conirol 
approach.  The  objective  of  this  paper  is  to  compare  the 
feedforward  and  feedback  approaches  in  the  <lesign  of  a  modal- 
ba.sed  active  control  system.  There  arc  major  differences 
between  feedforward  and  feedback  approaches,  Reference 
signals  without  the  effects  from  the  control  signals,  the  so 
called  ^verfeci  neutrali/.ation.  arc  desired  in  ihc  feedforward 
approach,  whereas  the  feedback  approach  requires  the 
availability  of  residual  s'rror  signals.  Furthermore,  it  can  be 
shown  that  if  (he  effects  <»n  (he  reference  signals  from  the 
conirol  signals  cannot  bo  removed  perfcclly.  then  a  feedback 
loop  exists  m  the  cancellation  path  which  can  degrade 
cancellation  performance  xnd  present  stability  problems. 

In  this  paper,  the  design  of  the  modal-ba.scd  feedforward  and 
fs'cdback  active  conirol  systems  with  tiifferent  actuator  and 
sensor  group  delays  arc  presented.  The  simulation  resuiis  use 
the  dynamics  of  a  simply  supptirlcd  plate  in  air.  The  effects  of 
non-perfect  ncutrali/aiion  in  the  feedforward  design  arc  also 
examined- 

Comparison  of  the  umonirollcd  and  controlled  plate  response 
indicate  that  feedback  design  can  achieve  the  same  vibration 
suppression  as  the  fccdforwanl  design  whenever  the  sensor 
grtntp  delay  is  much  smaller  than  the  actuator  group  delay 
Furthermore,  feedback  design  is  not  possible  if  the  sum  of  the 
actuator  and  sensor  group  delay  is  sufncicntly  large,  since  this 
can  presern  stability  problems.  Evaluations  of  the  farficld 
acoustic  pressures  indicate  that  it  is  aKo  necessary  to  control 
the  low  efficiency  radiating  nu*dcs,  since  it  is  possible  to 
increase  the  radiating  efficiency  of  an  uncontrolled  mode 
Without  increasing  its  vibration  level.  This  can  be 
acci'mplishcd  by  changing  the  relative  phasing  of  the  modal 
response 

THK  KKKDFORWaRD  MODAL  BASED  CONTROLLER 
The  broadband  adaptive  f»Ucrcd-X  leasi-moan-square  (FX'LMS) 
algorithm  jl.i)  is  used  in  ad.»pii\c  iiuisc  tanccllaiion 
application  to  adaptively  remove  uiiviesired  components  of  a 
signal  that  are  correlated  with  a  given  reference  signal.  Figure  i 
shows  a  bUn'k  diagram  of  the  algorithm  f"r  a  real  pas.sbanil 
cancellation  path  transfer  function  Y^.  I'hc  reiercnce  signal  t  is 
obtained  hy  filtering  the  disturbance  signal  ci  bv  the  reference 
structural  transfer  function  The  application  of  the  weight  W 
to  the  reference  signal  r  forms  the  cancelling  signah,  whiit’ 
drives  Fp.  the  actuator  spatial  filter  (3|  and  Y^,  the  siniciutai 
transfer  function  from  actuator  Ui  vibration  sensi'r  to  cancel  the 
primary  disturbance  signal  The  actuator  and  sensor  transfer 

functions  are  modeled  by  the  group  delays  ^nd  c 

respectively  The  adaptive  weight  is  computed  by  the  FXLMS 
algorithm.  >*hcrcby  the  update  is  formed  by  filtering  the 
rc‘^crcnce  signal  r  bv  an  estimate  of  the  equivalent  cancellation 
path  transfer  function  F^  ^ 

Vibration  error  signals,  and  scaling  by  the  convergence  gain 
factor  p.  Fm  is  the  modal  fiUcr  I3I  which  allows  the  extraction 
of  m  modes  to  be  controlled  with  L  sensors 
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If  ihc  adaptive  weight  W  m  Figure  1  is  allowed  to  converge  U> 
in  Figure  2.  then  Figure  2  represents  the  steady  slate  case 
of  Figure  1.  where  the  adaptive  LMS  algorithm  has  been 
removed,  (n  this  equivalent  form,  the  algorithm  resembles  a 
conventional  feedforward  control  system  with  neuiraii/aiion 
residual  transfer  function  A  =  .  where  and  are  the 

structural  transfer  function  from  actuator  to  the  reference  sensor 
.ind  us  estimate  equivalent  transfer  function,  rcspeciivcly.  It 
can  he  seen  in  Figure  2  that  if  Y.^  is  not  exactly  equal  to  ^  ihc 
[K'rfeci  neutrali/ation  condition,  then  a  feedback  K>op  with  l<H>p 
gam  <  Ya,  '^.,'f^P'Y'op  exists  in  the  cancellation  paih  which  can 
degrade  cancellation  performance  and  can  present  stability 
problems  in  some  applications. 

For  independent  spatial  modal  control  it  is  desirable  to  form 
linear  combinations  of  the  sensor  signals  in  order  to  extract 
esiimau's  of  the  ntoilal  amplitudes.  Ideally  each  linear 

comhinaunn  will  pass  one  specific  mode  and  reject  all  the  other 
modes.  Thus,  for  1.  enor  sensors  and  M  modes  to  he  conlr<dled. 
the  ule.il  modal  filter  must  map  L  inputs  into  M  uncoupled 
ouipuis  In  practice,  however,  modal  Idlers  <t>  ,  4)  .  .  4) 

based  upon  the  discrete  sampling  \*f  the  continuous 
eigenfunctions  I  sec  tquaiion  uAlhi).  do  not  nccessarilv 

produce  the  N’st  estimates  of  the  desired  nuxlel  amplitudes.  A 
better  approach,  desenbt'd  in  Reference  F'l  is  to  design  modal 
filters  ih.ii  extract  from  sensor  measurements  the  best  least 
mean  square  esiimaio  of  the  modal  pariieipaiion  factors  while 
rejecting  a.s  well  a.s  possible  the  interference  from  the  undcsired 
modes  In  that  study  the  modal  fillers  were  designed  U'.  mmimi/c 
the  .tverago  normalized  cross  resptmse  power.  The  objective 
lufiviion  destribeil  in  Equation  dal  is  minimized  with  res|H*ct  to 
l  _.  subiect  to  the  constraint  of  Equation  tlhi.  where  f..  f^.  f^.  .  . 

.  f^  represent  a  set  of  N  dimensuinal  filter  vcciors  and  M 
denotes  the  number  of  actuators  in  the  contr»*l  s\siem' 

M 

)  -  y  r,  n  -I.’.  .N  Hal 

rii  d 

1  (lb) 

Fsing  vector  differentiation  with  the  method  of  Lagrange 
tnultijiliors  .IS  described  in  Reference  tbc  solution  to 
Fqiiaiion  d  5  IS  given  hv 


''  ^  'L;  LV  ■  ’■Jl,/  '■’> 

where  F  is  the  motlal  filter  which  alh)ws  the  cxiiaction  of 

mode  I  from  the  L  sensor  nicasurcmcuis.  A  being  a  diagonal 
sealing  rp.unx  that  'S  calculated  to  enforce  the  conslr.unt  of 
Equal-on  (lb)  A  more  detailed  analysis  of  the  m«>dal  based 
approach  including  weighted  sum  modal  pc^wers  and 
jvrfiirmarce  degradation  for  a  limned  mjmb»*r  of  sensors  can  be 
found  .n  ref-uerce  [.i] 

THE  MODAL  BASED  EEEDBAC  K  ( ONTROLLER 


In  this  section,  a  formulation  of  the  feedback  control  sysieni  is 
developed  using  the  multi-input  mulii-oulpui  state  space 
controller  to  minimi/x:  the  vibration  energy  of  selected  modes. 

Figure  3  shows  a  blcKk  diagram  of  the  feedback  control  system, 
where  the  actuator  and  sensor  transfer  functions  are  motieled  by 
the  group  delay  and  respectively.  It  is  known  that 

the  feedback  control  system  suffers  a  basic  limitation  of  the 
cancellation  bandwidth  and  out-of-band  response  whenever  the 
I<M>p  transfer  function  exhibits  non  minimum  phase.  In  this 
case,  the  loop  transfer  function  is  given  by  Ya  o  which 

is  clearly  a  non  minimum  phase  transfer  function  Under  these 
conditions,  the  disturbance  source  bandwidth  can  exceed  the 
maximum  stable  cancellation  bandwidth  if  the  group  li>op  delay 

1. s  large.  It  is  interesting  to  note  that  in  the  feedback  design  as 
shown  in  Figure  3.  the  cancellation  bandwidth  de{>ends  on  both 
the  actuaf<»r  and  icnsor  group  delays  of  the  loop  trar.sfer 
function,  whereas  in  the  feedforward  design  as  shown  in  Figure 

2.  the  cancellation  bandwidth  depends  only  tm  the  actuator 
group  delay. 

The  closed  loop  response  a.s  showm  in  Figure  }  is  given  hv 

1ULOO)1|  '  C  ^*’*^^C,i,(|tt>|.AT*  (41 

where.  A1  ’  Hj-e  (S) 

and.  (iuo)  C\.  (jtol  A^.)  * 

where  A.  Bj.  Bf.  C'^  are  the  state  space  matrices  associated  wrh 
the  structure  (see  appcmlixl  anvl  A^..  are  the  slate  spate 

matrices  associated  wuh  the  MIMO  model-based  ciuiirollcr. 
Ll<»)  IS  defined  as  the  loop  gam.  There  arc  many  methods  one 
can  apply  to  design  the  MIMO  Controller.  For  the  broadband 
active  control  system  considered  in  this  paper,  the  Loop 
Transfer  Recovery  (LTK)  |4!  design  melhodologv  was  used,  The 
conir<i|lcr  can  be  designetl  iti  iw-ti  steps.  First  a  LQR  regulator 
gain  matrix  K^.  is  computed  to  minimize  the  selected  vibratiim 
modes  to  be  controlleil.  thereby  realizing  the  loop  gain 
response. 

Uw)  ^s)(Sl.A)  ‘  (bt 

Note  that  the  group  delay  can  be  approximated  by 

a  stale  space  equation  using  the  Pade  apptroximaiion.  Therefore, 
the  regulator  gam  K^.  is  computed  based  on  an  augmented  state 
space  equation.  JA'.  B'f.  C'',j,j.  between  the  space  state  matrices 
|A.  Rj-.  C'^l  and  the  state  space  matrices  associated  with  the 
grs>up  delay.  Sccoml.  a  Kalman  filter  gain  matrix  Kj-  is  computoii 
so  that  the  resulting  loop  gain  is  a.s  close  in  Equation  (b)  as 
possible.  The  resulting  composite  IsKip  gain  is  given  hv 

Uwi=  |K^(SI  A 

.KfCv'  K|  ir,jisi  at'  rv  (7) 

Thus,  by  equating  (5)  and  (7).  the  feedback  controller  can  be 
obtained  as 

O-jeo)  ^  A-  -  B  f  K^,  .  KfC  '  Kf  (S> 


Ri  ccnt  Aihdin  i  .s  ii:  the  (.  diitrol  of  Aani.stic  RuiluttiDH 


!v)r  small  saliios  of  Tj,  and  tho  fcctihack  cimtrolK'r  is 
(L'torniinL’d  hv  ihc  rcj:iilator  i;ain  riiairix  K^..  Kalman  liltcr  gain 
n;.')irj,x  Kj-.  .inij  ihi*  augmented  stale  space  matrix  A'.  B'p 


APPl.K  ATION  TO  A  SIMPLY  SI  PPORTLU  PLAT 
PLATK 

Once  the  surface  votocilV  dislritnitions  of  interest  are  calculated 
the  corTes;x)n<iing  ftirfield  pressure  can  he  determined.  Since  this 
pa;v'r  consi<lors  active  sound  radiation  suppression  of  a  plate  in 
air.  ihe  mass  loading  of  ihe  surrounding  medium  on  the  plate  can 
K-  neeleciod.  Tdio  farfielii  pressure  gcneraie<l  hy  this  plate  can  he 
r.'iind  hv  using  Rayleigli's  formula 

‘’o  f  ik:R  R,,l 

l>Ri  I  1  Jv  '  "  4iR,,ldLiR,,l.  R„«R  m 

:7tR  •  •'  '•  " 


t'etueeri  a  held  point  and  a  point  -m  tho  plate.  Based  on 
lujuaiion  id'i  the  r.idialed  farfield  pressure  of  the  plate  can  he 
wr'Uen  as  lol'  ws: 


'\i  |ki  R  •  lstnO/2 )  I  ikxsmB 
pd'  -  e  f e  vtx)  d\  -  :o» 

:kr 

v^here  k  is  the  acoustu  'Aavenumher  l)iscrcli/ing  the 

s 

integration  in  F-\]u,ilion  (  Id)  arul  noting  that  yix)  -•  (o“  yfxl.  the 
l.irlield  pressuf’.'  pid)  tn.iv  he  expri'ssed  its. 


,v  I 

uhere  n  IS  the  nut. dvr  of  surface  serwifs,  x  the  loofihnate  of  a 

P  P 

s:ir|.|,  ,  ss'nscir,  and  (■>  is  tlie  angular  freijiietKy  and. 

i'’o  iki  R  ♦  lsin(V  2)  ■>  !kx,-sjrH 

-e  ((0^)0  P  (i:t 

.■'tiR 

Here.  f  'lH.x!  IS  tfu'  matrix  operator  which  maps  the  plate 
'•••.'X’nsc,  v'x)  to  tile  f.irtield  pressure 

!'>u'  ios.i'1'’ns  ot  a<. 'ii.iiors  sensors  and  o-sttirKincc  signals  as 
•  •!!  .IV  It'-  piaie  par.imeters  are  goen  in  ifie  Apjvndix. 

The  leedlorward  lonirolter  ^,,p  f'tfJtifs’  2  with  e.iual  to  5 
.irid  milliseconds  was  cornpiued  based  on  nnmmi/ing  the 
vd-ratiori  energy  of  mode  I  an<]  m<,  fe  Mode  2  wa-s  not 
se'ei  led  ‘or  cirntrol  since  it  is  an  even  mo<le  Ihj.  An  even  nuwlc 
IS  an  :uons(n.aliy  inefficient  mode  due  to  the  ratliation 
V  anv  ella:  nm  jirixess  that  incurs  when  the  m  phase  and  out  of 
pli-ise  hail  waves  negaie  For  comparison,  ihe  feedback  MIMO 
i.on'rolfer  tt'fo)  in  fnjualion  ' 'I  i  w.is  .dso  devigne</  (o  mmimt/c 
the  \  i^r  U'l'n  .••■••rgv  of  nnsife  1  mil  mode  }  w nh  (  r  ^  t^t  eijual  to 
1“'.  .in, I  2"'  niillisevonds.  Idgiire  4  shiiws  the  Iretjuc.cv 
'osponse  Irom  ilistin  hance  to  sensor  !  with  and  vsunoul 
(.•i-c florw  ,ud  iorilrol  for  ta  et|ual  m  S  anii  2^  milliseconds,  whore 
'I'.jj.  eijual  to  .an<i  Hj.  equal  to  unily  were  assumed  in  f-igure  2 
f 'on’O.insi'ns  of  Figure  1  .tml  Fieuro  indn  atc  that  fcedh.jtk 


design  «  in  achieve  the  same  vibration  cancellation  performance 
as  the  feedforward  design  for  (his  case,  when  T„  in  the 
fcedforwar<l  design  is  approximaielv  equal  to  in  the 

feedback  design.  It  can  be  rccogni/ed  that  for  sufficiently  large 
as  the  use  of  feedback  design  is  not  possible  due  the  gain 
bandwidth  limitation.  Although  the  gain  bandwidth  limitation 
can  be  improved  by  usmg  the  s<i  c  lied  Pseudo  Cascade 
configuration  |7.8|.  ?t  is  still  the  primary  limitation  for  many 
applications  with  acoustic  sensing  using  feedback  design  since 
acoustic  ,nopagaiion  can  increase  significantly.  Figure  6  and 
Figure  7  sht'w  the  farfield  pressures  vviih  feedforward  {Z^  =  25 
ms)  and  feedback  controls  (tj^  *  -  2.''  ms)  at  mode  1  and  mode 

frequencies,  respectively.  The  reduction  in  farfield  pressure  of 
mode  I  IS  better  while  using  feedforward  design,  w-hereas  the 
reduction  in  farfiehl  pressure  of  mode  3  is  slightly  better  while 
using  feedback  design  In  order  to  evaluate  quantitatively  the 
effects  of  non-perfect  neuirali/aiion  in  the  feedforward  design, 
oiffereni  ncuirali/aiion  residual  A  -  is  used  in  Figure  H 

to  obtain  the  canccllatixm  pcrforr’ance  in  Figure  vvhcrc  the 
actuator  and  sensor  group  delay  wore  neglected.  Figure  10  shi'ws 
the  vibration  cancellation  level  at  mode  1  as  function  of  the 
neuirali/aiion  residual. 

Finally.  Figure  1 1  simws  the  farfiehl  pressures  using  feedback 
c«>titrol  wiUi  the  selection  of  mode  1  and  mode  5  vs  die  selection 
of  mode  1.  2  and  d  arc  as  Uie  modes  to  K*  coniri’lled  Farfield 
enhancement  in  the  Iretpiency  hand  of  mode  2  (IH  Hz')  is 
I'hsorved  in  Figure  U.  Lxaimnution  of  the  spatial  response  of 
mode  2  in  Figure  12  indttaics  that  a  rclair-e  phasing  has  been 
changed  without  a  significant  increase  in  its  rnagmiudc  level. 
Themfore.  it  is  [xi'isihle  to  cimvert  a  low'  efficiency  radiating 
mode  in  a  high  efficiency  raiJiaiing  mo«’e  without  increasing  its 
Vibration  level.  This  result  imlicates  that  special  care  must  be 
taken  whenever  the  active  contrxd  system  is  designed  to 
suppress  only  the  high  officiencv  radiating  modes, 

A<  kn<>\\i.fo<;fmlm.s 

This  work  was  siipp»iried  by  the  Office  of  Naval  Research  and 
IX-fcncc  Advancetl  Research  Proiects  Agency  under  Contract 
NtHMM 4  dO  (•  n2f‘K. 

Al’PLNDIX  .  SIMPLY  SI  PPORTKD  PLAT  K  MODKL 

In  ims  .Appendix,  ihe  simply  supported  plate  mxnlel  usvxl  for  the 
analysis  in  the  ntain  text  will  be  dcfmcti  It  is  assumed  that  the 
plate  IS  uniform  arnl  of  length  1.  and  width  b.  The  mass  {vr  unit 
length  m  is  as^urncxl  constant,  with  modulus  of  elasiiciiv  F  The 
undampeil  hc»mogeneous  partial  differential  equation  for  the 
plate  IS  given  bv 

4  '  r 

d  V 

F.I — j  +  m  V  ■  B  (AH 

dx  dl" 

Fhe  eigenlunclum  mode  sha|vs  x»f  this  equation  are  given  bv 

IH'I 


where  .A  is  a  normali/eil  lonstani  chi'sen  such  that 
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uith  (.orrc^ponJini:  naiura!  fn-qucnc'io'; 

v.horo  [  ihc  soci’nd  area  moment. 

When  dantpinj:  and  loadsi^  are  introduced.  F.quatu'n  lAl'  is 
modified  to  { I  i 

d  V  fV  ^  fK’ 

bl  '  ■►c  l  — 7'“  m-“T  *  e““  i  f(.x.t)  (A6^ 

r)\  ** 

>cheTe  c,  I'l  the  strain  velocity  dampuip  coefficient  tintenialK  c 
o  the  ah'iolute  velocity  damping:  coefficient  (c-xiornalK  and 
t'(x,i'  IS  the  loading  force  per  unit  length  as  a  function  of 
location  'f  ami  lime  t.  The  displacement  and  the  loading  force 
are  dec(im|X)sed  into  mo<ial  com|x>nenis 
N 

fix,!)  ^  Vf  (i)  'X)  tA"?) 

^  n  n 
n-  1 


■■“sinfNJi.x  /L) 


V\  (t)  <t»  ( 
Z*'  n  n 


c^(x)  ^  !  <I»j|x»  I  ■  ‘t>j^(x)|. 


I'n' 

,An=  "  . 

L^"nJ 

n  --  1.2 . S' 


where  the  arc  defined  in  Equation  tA2).  Ry  substituting 
Fi}ujtion  (A7)  and  Equation  (AS)  into  (.Ab).  tniiliiplying  by 
<t>^^ix),  integrating,  and  using  the  orthi’gonality  conditions 
results  in  the  time*  tliffereniial  equation  |6! 

\  ft'  ‘  1C  (<)  V  It)  ■►6)  “v  (l)  F  Cl.xVm  (A9) 

'  n  ’n  n'  n  n  *  n  n 


:  -  (Aiiii 

''''  2mo) 

n 

IS  the  damping  coefficient  F<?r  the  sjK’cial  case  of  a  line  force 
exeitaiii’n  at  lotali.m  x  .  the  force  is  expressed  as 


’1  x.ti  -  fit;  ^(x  X  ) 


The  resp<nise  v(x.t)  can  be  expressed  in  the  stale  space 
represenlalMin  using  Fqualinns  fAS).  IA9).  and  <A12)  as 
f.’llowing. 

X  A  x( 1 1  ‘  R  fc. '  ( A1 


(}  -.  <•>  v  1 ;  ‘  'Aid) 

n  p  »  ’n 

A  siHrcial  cmnC  for  N-l<‘  is  usc<l  in  tins  p.ipvr  The  lolloping 
parameter  sallies  score  used  m  the  riimiencal  calcui.nions 

DiinonsioT’.s 
l.a.*ngih.  1  •  Ini 
NVoilih.  sc  -  oPlin 
Thickness.  i  .  tV(V)2ni 
Second  im>meni  of  area. 

I--  vet V12  -  2;'WHt  *  ' 

Material  I'ropc’riies; 

Mmlules  of  Hlasticity,  1:  -r  Txio'  *  N/ni" 

Mass  dcnsilx  jvr  unit  volume, 
p  ^  KxIO^  kg,'m 
Damping  Parameters; 

c's  .'E  ^  1 15.S0R.  1.^50.  116.  in.  M.  23.  15.  S.  SS  x  10  ^  s 

c/m  =  0.20:  s  ' 
m  -  rw  t  ■  0  16  kg/m 

with  the  above  values.  Uie  natural  IrequeiKios  are  dien  caicnlaictl 
from  Equation  (A5)  as 

(f  I  .  |(i)  /(2n)}  -  |d.5M4.  IX  !37d,  -lOXItW.,  .  1  iA:0) 

n  n 

The  above  damping  parameters  were  selected  so  that  -  Cjjj 
O.Ol  from  Equation  (AlO)  for  the  first  and  tenth  modal 
frequencies  sir-c  only  the  first  ten  modes  arc  con.>idered  in  here. 
The  plate  was  discrcti/cil  using  161  pinnts  with: 

Actuator  locations  at  points  15.  30.  45.  60.  75.  d().  lOS.  120. 
135.and.  1.50 

Sensor  locations  at  points  K.  16.  24,  32.  40.  4X,  56.  64.  72. 
K(i.  KK.  Q6.  104.  112.  120,  12X.  \^h.  lAI  and.  5  52. 

Disturbance  liK'atton  at  p«>int  50 
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T'oeueocy  Response  ‘rom  Ostu^Oance  to  Sensor  ’ 
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Freouency  Response  t'O'T!  Oisturba''**'  *0  $c*so*  * 
w  :6out  Control  and  w>;n  FeerJ'o'wa'fl  Cori'O' 
(Oe'ays  S  ?5  r-s; 


4n>  I 
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Figure  6  Farheid  Pressure  at  Mode  i  frequency  w'THoui 
Control.  With  Feed-orward  and  Feedback  Coniro' 
(D^ay  25  msi 
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Figuf©  7  Faftieid  Pressure  at  Mode  3  f'eguency  w>mout 
Cof'ifoi,  with  Feedto^arc!  a^d  FeedOack  Co'‘troi 
(Oeiav  25  ms) 


NH  Tk  A!  I7ATKW  Rr.SIlM  At.  irjfl  i 

Figure  ’0  V'bfat'On  Suppression  at  Sensor  :  as  tunciion  pf 
Neotrd'i/ation  Res  ouai 
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F  igure  8  Feedforward  Active  Control  System  with  Imperioct  ^'•eutrall7atlon 
!a)  System  with  Neuirali^ation  Residual  Transler  Function  a 
ibl  Fguivalent  Representation  to  (a; 


Figure  1 1 


n>»  «i» •?»«•>  .M-' 


Farfieid  Pressure  without  Confoi  and 
Con-roi  0^ Modes  t  and  3  vs  Modes  i 


With  Feedback 
ana  3 


Y  ,11,1 

F  gvj's  9  Frpouency  Response  t'orn  disturbance  to  Sensor  ' 
Without  Control  md  with  Control  tor  NeutraO/alio" 
Residual  eoua!  to  ?0,  40,  60  dB  (f3eie'' -  0  rns) 


\  r  vr  r««.MM.~> 

Figure  '2  Spatial  Response  at  Mode  ?  Ireouency  without 

Control  and  wth  Feedback  Contro'  ot  on'y  Modes  ’ 
aryj  3  (Delay  *  ?5  msi 
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Aefive  ‘•''"trol  of  acoustic  radiation  from  structures 


K.  Naghshineh,  G.  H.  Koopmann,  and  W.  Chen 
The  Pennsylvania  Sate  University 

Center  for  Acoustics  and  Vibration,  157  Hammond  Building,  University  Park,  PA  16802 

ABSTRACT :  A  general  strategy  is  devised  for  achieving  minimum  radiation  of  sound  from 
structures  subjected  to  a  harmonic  excitation  force.  This  strategy  is  based  on  quadratic 
optimization  of  acoustic  power  expression  written  in  terms  of  the  force  vector  exciting  the 
structure.  A  set  of  actuator  forces  is  found  that  results  in  minimum  radiated  sound  power 
by  altering  the  vibration  response  of  the  structure.  This  strategy  is  verified  experimentally 
using  a  clamped-clamped  beam  excited  with  a  shaker.  The  theoretical  development  along 
with  the  experimental  verification  of  this  strategy  are  presented. 


1.  INTRODUCTION 

The  goal  of  this  research  is  to  exploit  the  emerging  actuator  technologies  to  minimize  the 
sound  field  radiated  from  a  structure  by  actively  altering  its  vibration  characteristics.  Good 
candidates  for  such  structures  include  compressor  casings,  transformer  enclosures,  airplane 
fuselage  panels,  or  submarine  hulls. 

2.  THEORETICAL  DEVELOPMENT 

The  method  centers  on  writing  a  quadratic  expression  for  the  acoustic  power  radiated  by  a 
stfucture  and  then  minimizing  it  subject  to  constraints  that  are  dictated  by  the  particular  strategy 
adopted.  The  minimum  value  of  this  function  defines  the  ultimate  limit  of  suppression  of  the 
total  power  due  to  the  specific  arrangement  of  control  forces.  This  approach  is  general  in  that 
it  can  be  applied  to  structures  of  any  degree  of  complexity.  The  question  posed  is:  Given  an 
arbitrary  structure  subject  to  known  excitation  forces  and  an  arrangement  of  actuators  already 
in  place,  what  magnitude  and  pha.se  of  the  actuators  will  minimize  the  total  radiated  sound 
power?  Ihe  excitation  forces  are  assumed  to  be  deterministic  (complex  periodic). 

The  power  radiated  from  any  vibrating  structure  can  be  written  in  terms  of  its  normal  surface 
velocity  vector,  v,  as 

W=l-v'flL*.  (1) 

2 
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The  tilde  indicates  that  the  variable  is  a  vector  or  a  matrix  and  the  superscript  T  refers  to  its 
transpose.  The  matrix  operator  S  is  the  surface  radiation  impedance  which  is  positive 
deliniie  and  Hermitian.  Such  a  quadratic  expression  has  been  derived  by  Cunefare  and 
Koopmann  (1990,  1991a,  1991b),  and  Mollo  and  Bernhard  (1989,  1990)  for  three 
dimensional  radiators.  As  shown  in  a  previous  paper  (Naghshineh  et  al  1991a),  a  similar 
expression  can  be  derived  for  the  case  of  a  beam  in  an  infinite  rigid  baffle  where,  the  matrix 
operator  fi  is  real  and  symmetric.  The  response  of  any  structure  due  to  harmonic  excitation 
forces  can  be  written  in  terms  of  its  structural  mobility  matrix  H  such  that 

(2) 

where  £  is  the  external  force  vector  exciting  the  structure  which  includes  the  primary  as  well 
as  the  conu'ol  excitation  forces.  The  mobility  matrix  K  is  a  complex,  symmetric  matrix.  For 
a  complex  structure,  the  elements  of  this  matrix  could  be  obtained  experimentally  via  a  modal 
analysis,  or  numerically  by  a  finite  element  analysis  of  the  structure.  Substituting  Eq.  (2)  in 
Eq.  ( 1 )  gives  the  expression, 

(3) 

for  the  radiated  sound  power  radiated  from  an  arbitrary  structure  in  terms  of  the  external  force 
vector  £  and  a  matrix  operator  Q  =  ^  6  }£  which  is  Hermitian  and  positive  definite. 

Thus  given  a  non-trivial  force  excitation  vector  will  always  result  in  a  real  and  positive  value 
for  the  radiated  sound  power. 

Up  to  this  point,  a  quadratic  expression  has  been  derived  for  the  acoustic  power  in  terms  of  a 
combined  excitation  force  vector  which  is  a  supieiposition  of  the  primaty  and  the  control 
excitation  force  vectors.  Since  the  proposed  method  does  not  require  total  cancellation  of  the 
structural  re.spon.se  and  instead  a  less  demanding  'weak  radiator'  re.spon.se,  primary  and 
control  forces  are  assumed  to  be  at  locations  that  are  not  coincident.  The  challenge  is  to  find  a 
force  vector  such  that  the  following  constrained  optimization  problem  is  satisfied 


Minimize:  ^  Q, 

(4) 

such  that;  fpi  =  Uj  . 

(5) 

The  subscnpt  p  in  Eq.  (5)  represents  the  primary  excitation  force  vector,  the  subscript  i 
represents  the  ith  component  of  this  vector,  and  is  a  complex  number  specifying  the  value 
of  the  primary  excitation  force  at  location  i.  The  force  vector,  £  ,  satisfying  the  above 
problem  has  been  shown  (Naghshineh  et  al  1991a)  to  be  the  solution  to  the  following  system 
of  equations. 

Q  ,£* 


(6) 
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where  c  is  a  real,  large  (compared  to  the  elements  of  the  Q,  matrix)  number,  Q  equals  the 
matrix  Q.  with  the  consuint  ('  added  to  its  diagonal  elements  at  the  locations  corresponding  to 
the  location  of  the  primary  forces,  and  ti  is  a  vector  whose  elements  correspond  to  the 
prescribed  primary  excitation  force  values.  Since  the  matrix  Q,  is  Hermitian  and  positive 
definite,  the  force  vector  t  .  solution  of  Fq.  (6)  corresponds  to  a  global  minimum  value  for 
the  radiated  sound  power  from  the  vibrating  structure.  This  power  value  is  unique  for  the 
prescribed  location  and  values  of  the  primary  excitation  forces. 

f  COMPARISON  OF  NL'MFRICAL  AND  EXPERIMENTAL  RESULTS 

Equation  (ri)  can  be  used  ti.  solve  for  the  actuator  (control)  forces  needed  to  drive  the  structure 
as  a  weak  radiator.  The  method  descnbed  in  the  previous  section  will  be  applied  to  a  finite 
baffied  aluminum  beam  <  f  914  mm  (36  inches)  long,  38.1  mm  (1.5  inches)  wide  and  6.35 
mm  (0.25  inch)  thick  with  clamped-clamped  boundaries.  Four  PZT  actuators  (PKl  type  550 
made  by  Piezokinetics  of  ^ellefonte,  PA)  tire  bonded  to  the  top  surface  of  this  beam  using  an 
adhesive  (EPY- 1 50  sold  ■  y  BLU  electronics  of  Canton,  MA).  These  actuators  are  101.6  mm 
|4  inches)  long,  12.7  mr  '0.5  inches)  wide,  and  1  mm  (0.04  inches)  thick.  Since  it  has  been 
shown  that  the  PZT  type  tuators  are  accurately  modelled  as  moments  applied  at  the  edges  of 
the  actuator  (Crawley  el  ..  1987,  Clark  et  al  1991),  the  power  expression  is  formulated  using 
finite  element  concepts  i  i  terms  of  normal  point  forces  and  moments  located  at  each  node 
( Naghshineh  et  It/  1991a  i991b).  To  further  correlate  this  analytical  model  with  the  physical 
beam,  adjacent  moments  ue  restricted  to  be  equal  and  out  of  pha.se  with  respect  to  each  other 
(see  Fig.  1 ).  The  primary  excitation  to  this  beam  is  provided  at  a  single  frequency  by  a  shaker 
at  a  point  101.6  mm  (4  nches)  away  from  its  left  boundary.  Only  the  controlled  and  the 
uncontrolled  vibration  re  ponse  of  the  beam  are  compared.  Since  the  power  radiated  from  the 
beam  is  directly  related  tr  its  vibration  response  via  Eq.  ( 1 ),  once  the  beam  vibration  response 
closely  matches  that  of  le  predicted  response,  it  follows  tha.  the  power  radiated  from  the 
beam  will  also  match  the  predicted  values. 


Figure  1  The  expenmental  setup  and  its  representative  model. 
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As  a  Tirst  step,  the  ex{)erimentally  obtained  resonances  and  loss  factors  of  the  beam  are  used  to 
find  the  control  moments  needed  to  achieve  the  weak  radiator  response  on-resonance  at  941 
Hz.  Tltis  frequency  coincides  with  the  seventh  beam  resonance.  The  shaker  force  input  to  the 
beam  is  measured  to  be  equal  to  ().(X)8  N.  Using  this  force  as  the  primary  excitation  to  the 
beam,  a  set  of  control  moments  is  found  using  the  numerical  procedure  described  in  the 
previous  .section.  The  predicted  reduction  in  the  radiated  sound  power  is  30.5  dB.  A 
comparison  of  the  experimental  results  against  the  numerical  predictions  for  the  uncontrolled 
and  the  controlled  beam  response  is  given  in  Fig.  2.  This  figure  shows  excellent  correlation 
between  the  experimental  and  the  predicted  beam  responses. 

I  ii  Experimental  -  Numerical  | 

1  4E-5 
1 

S  2E-.‘i 
€.  lEA 

•y. 

S  OE+O 

0  304.8  609.6  914.4  0  304.'8  609.6  914.4 

X  (mm)  X  (mm) 

Figure  2-  Comparison  of  the  experimental  versus  numerical  prediction  of  beam  displacement 
magnitude  with  and  without  control  at  941  Hz  (on-resonance). 

Next,  an  examination  of  this  strategy  is  conducted  at  an  off-resonance  frequency  of  850  Hz. 
The  shaker  force  input  to  the  beam  is  measured  to  be  equal  to  0.0283  N.  The  predicted 
reduction  in  the  radiated  sound  power  is  1 5  dB  in  this  case.  A  comparison  of  the  experime  it.”.! 
results  against  the  numerical  predictions  is  given  for  the  uncontrolled  and  the  controlled  beat.n 
response  in  Fig.  3.  This  figure  shows  excellent  agreement  between  the  experimental  results 
and  the  numerical  predictions. 
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Figure  3-  Comparison  of  the  experimental  versus  numerical  prediction  of  beam  displacement 
magnitude  with  and  without  control  at  850  Hz  (off-resonance). 
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It  is  interesting  to  note  that  the  controlled  beam  response  magnitude  is  at  some  places  nearly 
twice  the  uncontrolled  response  magnitude.  This  is  significant  since  one  may  expect  for  the 
magnitude  of  the  controlled  beam  response  to  be  less  than  the  magnitude  of  the  uncontrolled 
beam  response.  While  the  controlled  response  magnitude  is  at  some  places  nearly  twice  the 
uncontrolled  response  magnitude,  the  controlled  radiated  power  is  still  predicted  to  be  14.5  dB 
lower  than  the  uncontrolled  radiated  power.  This  is  due  to  the  fact  that  the  supersonic 
wavenumber  content  of  the  weak  radiator  (controlled)  beam  response  is  much  less  than  that  of 
the  uncontrolled  beam  response  as  shown  in  Fig.  4. 


—  With  Control  -  No  Control 


Figure  4-  Comparison  of  the  wavenumber  contents  of  the  controlled  versus  uncontrolled 
beam  response  at  850  Hz.  The  wavenumber  k  has  been  normalized  by  a  ;r..' 
factor.  The  vertical  dashed  line  corresponds  to  the  normalized  acoustic 
wavenumber,  ad  Ira.' . 


4  C0NCLC.S10NS 


A  methcxl  has  been  descnbed  for  achieving  weak  radiator  structures  using  active  vibration 
cortrol.  4his  method  is  based  on  the  minimization  of  a  quadratic  expression  for  the  radiated 
sound  power  in  terms  of  the  primary  and  the  control  excitation  forces.  Given  a  set  of  primary 
excitation  forces,  a  set  of  control  forces  is  found  that  results  in  minimum  sound  power 
radiation  at  a  single  frequency.  It  should  be  noted  that  the  method  achieves  this  minimum 
radiation  condition  by  selectively  controlling  the  response  rather  then  through  complete 
cancellation  of  the  structural  vibration  response.  Although  the  method  presented  here  is 
general,  the  example  of  a  finite  baffled  beam  is  used  to  demonstrate  the  application  of  this 
rnethrxl  for  commonly  used  actuators  (e.g..  PZT  surface  actuators  and  shakers).  A  close 
examination  of  the  vibration  response  of  a  weak  radiator  baffled  beam  reveals  three  important 
results.  First,  the  weak  radiator  beam  response  amplitudes  are  much  lower  than  the 
uncontrolled  beam  at  resonance.  Second,  these  amplitudes  decrease  in  areas  near  the  beam 
boundanes  at  both  off  and  on -resonance  frequencies.  Third,  most  of  the  wavenumber  content 
of  the  weak  radiator  beam  resptm.se  shifts  from  the  supersonic  to  the  subsonic  region.  These 
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observations  provide  a  better  understanding  of  physical  mechanisms  involved  in  quieting 
structures  using  active  vibration  control. 


finally,  it  should  be  noted  that  the  method  presented  here  is  general  and  is  not  limited  to  a 
specific  problem  size  or  boundary  conditions.  The  quadratic  expression  for  the  acoustic 
power  could  be  formulated  for  structures  using  any  one  of  several  available  numerical 
methods. 
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ABSTRACT;  We  present  a  no\el  closed  loop  adaptive  control  system  employing  fiber  optic 
strain  sensors.  The  discussion  and  results  in  this  paper  will  be  based  on  preliminary 
experiment,!!  studies  of  sound  radiation  from  a  simply  supported  plate  residing  in  a  baffle.  The 
filtered-.x  version  of  the  adaptive  LMS  algorithm  is  implemented  on  a  TMS32(1C2.5  DSP  board 
resident  in  an  .\T  computer.  The  disturbance  is  created  with  a  shaker,  and  control  is  achieved 
with  a  single  piezoceramic  actuator.  All  tests  conducted  are  based  on  a  n;irrow  band,  siatioiiiiry 
disturbance. 


1.  INTRODUCTION 

Interest  in  adaptive  structure  development  for  active  structural  acoustic  control  (AS AC)  has 
prompted  many  theoretical  and  experimental  investigations  (Clark  aal  199()a,  Dimitriadis  a 
d  19S9,  Fuller  e/ci/  19X9,  Fuller  ««/  1990a,  Wang  <’f«/  1990).  Much  has  been  diKumcnted 
concerning  the  modeling  and  application  of  piezoelecric  actuators  for  control  of  structural 
vibration  as  well  as  sound  radiation  from  structures  (Clark  ct  al  1990b,  Crawley  at  al  19X9, 
Fanson  etal  19X6).  To  implement  control  of  structure-lx)rne  .sound,  error  infonnation  related 
to  far-field  sound  radiation  must  be  supplied  to  the  controller.  Since  the  goal  is  to  develop  an 
adaptive  structure  with  sensing  capabilities  embedded  within  the  structure,  many  different 
types  of  sensors  come  to  mind.  Previous  studies  by  Clark  and  Fuller  (Clark  etal  1990c,d) 
have  been  devoted  to  developing  sensors  from  polyvinylidene  fluoride  (PVDF).  which  can  he 
attached  directly  to  the  surface  of  the  structure.  An  alternative  sensing  technitjue  with  similar 
response  characteristics  can  be  constructed  from  two-mode,  elliptical-core  (e-core)  optical 
fibers  (Murphy  etal  1991,  Vengsarkar  etal  1991).  Many  previous  studies  have  been  devoted 
to  vibration  control  of  structures  by  implementing  e-core  optical  fibers  as  error  sensors  (Cox 
etal  1991 ).  The  goal  of  this  preliminary  study  is  to  demonstrate  that  optical  fibers  can  also  be 
used  as  error  sensors  for  controlling  structure-borne  sound  radiation. 

I  I't'iy  |OP  Piihlis'niniz  I  !,i 
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2  DESCRIPTION  OF  CONTROLLER 

To  achieve  control,  an  adaptive  controller  based  on  the  multi-channel  version  of  the  Widrow- 
Hoff  Filtered-X  control  algorithm  was  implemented.  This  algorithm  is  described  in  detail  by 
Elliott,  etal  ( 1987).  The  output  of  an  error  sensor  can  be  modeled  at  the  nth  time  step  as 

M  N  -  1  N  -  1 

c^n)  =  d/^n)+  X  X  X  Wmi  ("-j* 

ni  =  1  j  =  0  i  =  0 

where  d^n)  is  the  the  fth  error  sensor,  x(n)  is  the  input  reference  source,  are  the 
coefficients  of  the  adaptive  finite  impulse  response  (FIR)  filters  and  is  the  jth  coefficient 
of  the  transfer  function  between  the  output  of  the  mth  adaptive  filter  and  the  (th  error  sensor, 
fhe  number  of  control  actuators  and  filter  coefficients  are  designated  by  M  and  N  respectively. 
The  outputs  of  the  fixed  filters,  P^^j,  at  each  time  step  n.  were  used  by  the  LMS  algorithm  to 
niinimi/e  the  mean  square  error  signal  by  modifying  the  coefficients  of  the  adaptive  filter  as 
follows: 

L 

co„„(n+l)  =o)„„(n)  -  e,(n)  rj„(n-i)  ,  (.2) 

i--\ 

where 

N  -  1 

r^(n-i)=  ^  P(mj  x(n- i- j)  .  O) 

j  =  () 

Rather  than  computing  the  expectation  of  the  squared  error  signal,  the  squtire  of  the  error 
signal  was  simply  taken  as  an  estimate  of  the  desired  expectation  in  the  LMS  algorithm.  As  a 
result,  the  gradient  components  contain  a  large  contribution  of  noise;  however,  the  noise  is 
attenuated  with  time  due  to  the  adaptive  process  (Widrow  eial  1985).  In  Equation  (2),  L  is 
the  total  number  of  error  sensors  utilized,  and  L  >  M.  The  coefficients  r^(n)  are  the  outputs 
of  the  compensating  filters  P^^^j  which  are  estimates  of  the  actual  coefficients,  P(j„j  measured 
prior  to  starting  the  control  algorithm.  This  procedure  is  necessary  since  the  LMS  algorithm 
assumes  that  the  error  e,(n)  is  the  instantaneous  result  of  the  control  input  for  which  the  signal 
r^j^tn)  is  a  better  estimate  than  x(n)  (Elliot  etal  1987).  The  factor  p  in  Equation  (2)  is  the  gain 
constant  that  regulates  the  speed  and  stability  during  convergence. 

L  EXPERIMENTAL  SETUP 

Experiments  were  performed  in  an  anechoic  chamber  with  dimensions  4.2  x  2.2  x  2.5 
meters  and  a  cut-off  frequency  of  250  Hz.  The  test  plate,  w  hich  was  mounted  in  a  rigid  steel 
frame,  was  cut  from  steel  and  measured  .480  X  3(K)  x  1.96  mm.  The  simply  supported 
boundary  conditions  were  achieved  by  attaching  thin  shim  spring  steel  to  the  boundaries  of  the 
plate  with  small  set  .screws  and  a  sealing  compound.  Previous  testing  has  shown  that  this 
arrangement  adequately  models  the  simply  supported  boundary  conditions  (Ochs  etal  1975). 
The  test  rig  was  then  placed  in  the  chamber  where  it  was  rigidly  supported  on  a  structure 
configured  with  a  4.2  x  2.2  x  19  mm  wooden  baffle. 
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To  achieve  a  steady  state  sinusoidal  noise  input,  the  plate  was  driven  with  a  shaker  attached  to 
the  structure  with  a  stinger.  Control  was  achieved  with  a  single  piezoceramic  actuator  for 
narrow  band  applications  by  way  of  the  filtered-x  version  of  the  adaptive  LMS  algorithm 
implemented  on  a  TMS320C25  digital  signal  processing  board.  The  shaker  used  to  create  the 
disturbance  was  located  at  plate  coordinates  of  (240  mm,  130  mm).  The  piezoelectric  actuator 
was  constructed  from  two  piezoceramic  elements  of  dimensions  38.1  x  21  x  0.19  mm 
bonded  symmetrically  (front  and  back).  The  symmetrically  located  patches  were  wired  in  a 
bimorph  configuration,  resulting  in  uniform  bending  about  the  neutral  axis  of  the  plate 
(Dimitriadis  ft  ul  1989).  The  optical  fiber  for  sensing  strain  on  the  plate  is  oriented 
symmetrically  about  the  vertical  centerline  of  the  plate.  The  sensor  was  configured  such  that 
response  from  odd-odd  plate  modes  |i.e.  (1,1 ),  (3.1),  etc.|  would  be  most  dominant. 

The  plate  was  instrtimented  with  nine  Bruel  and  Kjaer  mini  accelerometers  and  the  output  of 
the.se  accelerometers  was  analyzed  by  solving  a  set  of  simultaneous  equations  to  recover  the 
amplitudes  of  independent  modes  on  the  panel  (Fuller  etui  199()h).  The  directivity  pattern  of 
the  acoustic  field  along  the  plate  mid-plane  was  quantified  with  a  Bruel  and  Kjaer  microphone 
situated  on  a  traversing  system.  The  radius  of  the  traverse  was  approximately  1.6  m  and 
measurements  were  taken  in  nine  degree  increments  to  map  the  sound  radiation  directivity  with 
and  without  control.  In  addition,  a  few  microphones  were  randomly  located  in  the  chamber  to 
provide  a  measure  of  the  global  attenuation. 

4.  RESULTS 

Three  tests  were  conducted  using  optical  fiber  sensors  to  provide  error  information  for 
controlling  sound  radiating  from  vibrating  structures.  More  emphasis  should  be  placed  on 
results  from  the  otf-resonance  test  cases  since  both  the  structural  and  acoustic  response  of  the 
plate  depend  on  interaction  from  multiple  structural  inixles. 

4. 1  On-Resonance  Test  Case 

The  first  test  ca.se  was  conducted  at  an  excitation  frequency  of  88  Hz,  corresponding  to  the 
icvonance  condition  of  the  (1,1)  mode  of  the  simply  supported  plate.  The  directivity  pattern 
for  the  acoustic  response  is  presented  in  Figure  1(a)  and  modal  amplitudes  for  the  structural 
response  are  illustrated  in  Figure  Kb).  ‘\s  indicated  in  Figure  1(a),  the  sound  radiation  was 
attenuated  by  approximately  2.“'  dB  along  the  mid-plane  of  the  plate,  (Similar  levels  of 
attenuation  were  observed  throughout  the  acoustic  field.)  Control  was  achieved  by 
suppressing  the  response  of  the  (1,1)  mtxle  as  is  evident  in  Figure  1(b).  In  addition,  the 
residual  modes  (i.e.  modes  other  than  the  resonant  mode)  were  attenuated  as  well.  This 
methixl  of  control  has  been  previously  termed  “modal  reduction",  since  all  modes  observed 
were  attenuated  during  the  control  process  (Fuller  etal  1990b). 
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A.  2  Off  Resonance  Test  Cases 

f'or  the  second  test  case  the  plate  was  driven  at  320  Hz,  corresponding  to  off-resonance 
excitation  between  the  ( 1 ,2)  and  (2,2)  modes  of  the  plate.  The  radiated  sound  was  attenuated 
by  approximately  10  dB  as  illustrated  in  Figure  2(a).  Upon  achieving  control,  all  of  the  modal 
amplitudes  were  observed  to  decrease  as  depicted  in  Figure  2(b).  The  dominant  (3,1 )  mode, 
w  hich  is  an  efficient  acoustic  radiator,  was  reduced  by  approximately  40  dB.  The  remaining 
modes  were  attenuated  to  lesser  degrees;  however,  all  modes  were  reduced,  thereby 
subscribing  to  the  “mtKlal  reduction"  method  of  conu-ol. 

The  final  test  case  was  conducted  at  an  excitation  fretjuency  of  349  Hz,  which  is  an  off- 
resonance  frequency  lying  between  the  (2,2)  and  (3,1 )  rntnle  of  the  plate.  Acoustic  attenuation 
tin  the  order  of  10  dB  was  observed  as  depicted  in  Figure  3(a).  The  mtxlal  response  for  this 
particular  case  is  more  complex  than  that  of  the  previous  test  cases  as  can  be  seen  in  Figure 
3(b).  Before  applying  control,  the  (3,1 )  motle  is  dominant  in  response;  however,  significant 
response  Is  observed  in  the  (1,1).  (2.1).  (2.2).  and  (2.3)  modes  of  the  structure.  Upon 
achieving  control  all  modes  were  attenuated  except  the  (2.2)  mode.  The  most  significant 
attenuation  was  again  observed  in  the  (3.1  /  .node  of  the  structure  as  in  the  previous  test  case. 
Since  the  modal  response  of  the  (2.2)  mode  increased  upon  achieving  control,  the  method  of 
control  is  termed  "modal  restnicturing"  (i.e.  the  modal  response  was  rearranged  as  opposed  to 
being  reduced). 

5.  CONCUUSIO.NS 

Results  from  this  preliminary  study  sugges'  that  two-mode  e-core  optical  fibers  can  be  used  as 
error  sensors  for  controlling  sound  radiation  from  the  surface  of  vibrating  stmetures.  Sound 
radiation  was  attenuated  for  both  on-resonance  and  off-re.sonance  operating  conditions  for  a 
narrow  band  disturbance.  In  the  on-resonance  case,  approximately  25  dB  of  acoustic 
attenuation  was  achieved,  while  off-resonance  control  resulted  in  approximately  10  dB  of 
attenuation  for  the  cases  stutlied.  The  optical  fiber  was  oriented  on  the  plate  such  that  the 
sensor  response  was  most  sensitive  to  mixies  with  a  high  ratliaiion  efficiency.  Since  the 
response  of  the  optical  fiber  is  proponional  to  the  integnil  of  strain  over  the  path  of  the  fiber, 
the  sensor  can  be  orienied  on  a  structure  for  specific  applications. 
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Active  acoustic  echo  reduction  using  piezoelectric  coating 


Xiao  Qi  Bao,  Thomas  R.  Howarih*,  Vasundara  V.  Varadan  and  Vijay  K.  Varadan 

Department  of  Engineering  Science  and  Mechanics.  Center  for  the  Engineering  of  Electronic 
and  Acoustic  Materials,  The  Pennsylvania  State  University,  University  Park.  PA  16X02 


ABS'I"R  ACT:  An  active  echo  reduction  system  containing  piezoelectric  coating  and  a 
digital  delay  line  controller  was  developed  and  tested  in  a  water  filled  acoustic  pulse 
tube.  The  system  is  able  to  reduce  the  echo  of  nomially  incident  acoustic  waves  from 
an  air  hacked  plate.  An  echo  reduction  of  about  35  dB  was  obtained  over  the  frequency 
range  of  5  to  1 1  KHz,  In  addition,  the  concept  of  active  cancellation  of  reflection  and 
transtnission  simultaneously  by  bilaminar  actuatoi  was  proved  experimentally. 


I.  INTKODl  CTION 

The  traditional  solution  to  the  problem  of  sound  echo  reduction  from  objects  has  been  to  use 
highly  damping  materials  with  acoustic  impedances  well  matching  the  impedance  of  the 
surrounding  medium.  In  recent  years,  active  control  techniques  such  as  active  noise  control 
and  active  vibration  control  have  received  growing  attention.  These  techniques  now  offer  a 
new  solution  to  problem  of  sound  echo  from  objects. 

In  this  paper,  the  results  of  our  experimental  research  of  active  echo  reduction  are  presented. 
We  used  a  multilayer  piezirelectric  coating,  consisting  of  sensor  sublayers  to  sense  the  incident 
wave  and  an  actuator  sublayer  to  send  out  a  counteractive  wave  to  cancel  the  reflection.  A 
testing  system  containing  thf  v)clcs,iiiv  composite  coating  and  the  digital  delay  line 
controller  was  ileveloped  and  tested  in  a  water  filled  acoustic  pulse  tube.  An  echo  reduction  of 
about  35  dB  was  obtained  over  the  fretiuency  range  of  5  to  1 1  KHz.  In  arldition,  the  concept 
of  active  cancellation  of  reflection  and  transmission  simultaneously  by  a  bilaminar  actuatoi 
was  proveil  experimentally. 


2.  ('(zNf'EfT 

The  conceptual  drawing  of  the  active  coating  layer  on  a  flat  plate  is  shown  in  Eig.  I.  The 
active  composite  layei  contains  three  piezoelectric  sublayers  encapsulated  in  an  inactive 
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material.  Two  of  them  are  identical  and  functioned  as  sensors.  The  other  is  used  as  an 
actuator.  The  diagram  of  the  controller  is  presented  in  Fig.  2. 


Seasor  A  Seosor  B 
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Fig.  1  Conceptual  of  active  acoustic  coating  Fig.  2  Diagram  of  the  controller 

If  the  delay  times  of  both  delay  lines  A  and  B  are  set  to  the  wave  traveling  time  from  sensor  A 
to  B,  then  the  output  voltage  V^,  is  only  sensitive  to  incident  wave  while  the  the  output 
voltage  Vj2  is  only  sensitive  to  the  reflected  wave.  Output  V^j  is  compensated  by  the  delay 
line  C  and  sent  through  an  amplifier  to  the  actuator.  The  actuator  is  excited  in  such  a  way  that 
the  impedence  of  the  coating  matches  well  with  the  surrounding  medium  and  the  reflection  is 
thus  cancelled  by  the  surface  velocity  produced  by  the  actuator  .  The  output  V52  is  used  as  an 
error  output.  The  details  of  the  principles  involved  are  presented  in  reference  (Howarth).  The 
difference  between  our  current  system  and  the  system  reported  in  the  reference  is  use  of  delay 
lines  rather  than  phase  shifters  in  the  controller.  The  delay  lines  have  an  advantage  over  the 
phase  shifters  in  that  the  setting  of  the  delay  lines  A  and  B  is  independent  of  frequency.  This 
will  greatly  simplify  the  design  of  an  adaptive  controller  for  the  sy.stem,  which  is  the  next  .step 
of  this  R&D  program. 

3.  DESCRIPTION  OF  THE  EXPERIMENT  SETUP 

The  experiment  was  conducted  in  a  water  filled  pulse  tube  of  6.35  cm  in  diameter  and  4.27  m 
in  length.  A  transducer,  mounted  at  the  bottom  of  the  tube,  generated  a  multicycle  sinusoidal 
wave  and  received  the  echo  from  the  top  of  the  tube.  The  signal  source  was  a  signal 
generator  connected  to  the  transducer  through  a  gating  system,  a  power  amplifier  and  a 
transmitting/receiving  switch.  The  received  signal  was  displayed  and  recorded  by  a  digital 
oscilloscope  connected  to  a  computer.  The  active  echo  reduction  coating  was  mounted  at  the 
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top  ot  tlie  tLibc,  The  reflection  from  the  free  surface  of  water  at  the  top  was  recorded  as  a 
reference. 

In  the  coatint:  layer,  two  PVDF  sheets  with  a  thickness  of  0.5  min  were  used  as  the  sensors. 
The  .host  material  was  Rho-c  rubber.  Both  the  Rho-c  rubber  and  the  piezoelectric  polymer 
F’VDF  have  characteristic  acoustic  impeviances  close  to  the  impedance  of  water  and  therefore 
ttllow  the  acoustic  wave  to  pass  through.  The  actuator  was  a  layer  of  1-.5  piezocomposite 
material  backed  by  air.  This  type  of  material  consists  of  piezoelectric  rods  spaced  evenly 
within  a  polymer.  The  materia!  has  improved  acoustic  impedance  matching  with  liquids,  high 
electromechanical  coupling  factor  lor  thickness  mode,  large  bandwidth,  and  weak  lateral 
resonances.  In  the  1-.^  piezocomposite  that  was  used  in  this  e.vperiment.  PZT-4  rods  with 
dimensions  .5.17  mm  by  .^.17  mm  by  1(1.4  mm  (length)  were  encapsulated  in  a  soft  polymer 
with  a  Young's  modulus  of  ().S5  MPa.  The  volume  fraction  of  PZT  was  ()..7().  Stiffeners  of 
1 .57  mm  glass  epoxy  were  put  on  both  surfaces  of  the  composite  to  increase  the  transmission 
efficiency  and  broaden  the  bantiwidih.  The  distances  between  the  sensors  (tlj )  and  from 
sensor  B  to  the  actuator  (d^l  were  (i  cm. 

The  three  real  lime  delay  lines  and  two  subtracters  in  the  controller  are  tligital  devices.  Fight 
bit  A/D  converters  w  ith  a  sampling  rate  of  5  million  samples  per  second  are  used.  I'hc  input 
bandwidth  is  50  KHz.  Basic  operating  principle  of  these  digit.il  delay  lines  involves 
sequentially  writing  the  sampled  data  to  random  access  memories  (RAM)  and  reading  them 

out  at  the  desired  titne.  The  delay  times  are  adjustable  from  Id  its  to  1 .6  ms  w  ith  step  si/e  of 

0,2  ps.  The  tlynamic  range  of  the  delay  line  is  45  dB. 

4  FXPFRIME.NTAL  RESULT.S 

Ihc  waves  generated  in  the  pulse  tube  were  pulse  modulated  sinusoid  waves.  The  typical 
echiK’s  received  by  the  bottom  transducer  with  and  without  active  control  are  presented  in  Fig. 
.T  The  wave  forms  of  the  echoes  in  the  time  domain  were  converted  to  frequency  spectrum 
by  using  FET  The  values  at  the  center  frequency  were  recorded  and  compared  w  ith  that  of 
the  echo  from  the  free  water  surface  in  order  to  calculate  the  attenuation  at  that  frequency. 

This  measurement  was  done  over  the  frequency  range  of  4  to  1 1  KHz  with  steps  ot  0.5  KHz. 
The  delay  time  setting  for  dela'  lines  and  B  were  Fixed  for  all  the  trequencies.  Since  this 
svstem  did  not  include  adaptive  control  in  this  stage,  the  gain  and  delay  line  ('  were  manually 
adjusted  according  to  the  error  output.  V^_,.  for  each  frequency.  Tlte  results  are  shown  in  Fig. 
4  The  curve  indicated  as  Passive'  is  the  echo  reduction  without  active  control.  This  echo 
reduction  was  due  to  the  wave  attenuation  in  the  composite  coating  layer  These  values  are  in 
the  range  of  5  to  9  dB.  The  curve  marked  Total'  was  obtained  with  active  control  on.  Over 
the  freqtiencv  range  of  5  to  1  1  KHz,  the  total  echo  reduction  is  abtnit  ,45  dB. 
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Frequency  (kHzi 

Fi”.  ?  Typical  echo  waveform  at  5.6  KHz  Fia.  4  Echo  reduction  of  active  coating  w  ith 
Top;  without  active  control  digital  delay  line  controller 

Bottom;  with  active  control 

Comparing  with  previous  results  obtained  by  a  phase  shifter  controller  (Howarth).  the  value 
of  the  reduction  is  decreased  by  about  5  dB.  It  should  be  noted  that  the  phase  shifter 
controller  was  adjusted  according  to  the  signal  received  by  the  bottom  transducer  in  the  pulse 
tube.  The  signal  may  be  not  available  in  certain  applications.  In  delay  line  controller,  the 
error  output  was  from  the  sensing  sublayers  in  the  coating. 

The  results  show  that  the  active  acoustic  coating  with  digital  delay  line  control  achieved  great 
echo  reduction  over  quite  a  broad  frequency  range. 

5.  RF:DUCING  reflection  and  transmission  SIMULTANEOli'SLY 

I'he  realization  of  the  described  echo  reduction  system  will  be  more  difficult  if  the  backing 
medium  has  a  complicated  stnicture.  In  this  case,  the  wave  transmitted  into  the  backing  will 
be  reflected  from  somewhere  making  the  original  echo  structure  complicated.  This  in  turn  will 
make  the  echo  more  difficult  to  be  cancelleii.  An  approach  using  a  bilaminur  actuator  to 
prevent  the  transmission  to  the  backing  while  actively  cancelling  the  reflection  was  suggested 
anti  theoretically  analyzed  by  Bao  et  al  ( 1990).  An  experiment  has  been  done  to  prove  the 
concept.  In  this  experiment,  analog  phase  shifters  were  used  instead  of  the  delay  lines  and  the 
actuator  usetl  was  a  bilaminar  1-.^  composite.  The  second  I-,^  eotriposite  layer  was  identical  to 
the  first,  but  excited  by  an  additional  channel  including  a  phase  shifter  and  a  power  amplifier 
T  he  backing  metiium  usetl  was  water,  using  a  hydrophone  to  iletect  the  transmitted  wave, 
T  he  results  are  presented  in  F'ig.  5.  An  echo  reduction  of  12  dB  and  a  transmission  reduction 
of  22  dB  were  achievetl  simultaneously  by  using  the  active  control. 


Rcl'clit  AJmiuccs  in  the  Cnntntl  of  Acoustic  Radiation 


h'if:.  5  Wiivetomi  at  5.6  KHz  with  bi laminar  actuator 

(A)  Reflection  without  active  control,  <B)  Reduced  reflection  by  active  control. 

(C)  Transmission  without  active  control.  (D)  Reduced  transmission  by  active  control. 

6.  .Sf  .VlMARY 

I  he  echo  reduction  of  about  35  dB  over  the  broad  frequency  range  of  4  to  II  kHz  was 
successfully  achieved  by  using  the  active  acoustic  coating  with  the  digital  delay  line  controller, 
rticse  results  encourage  the  development  of  an  active  echo  reduction  system  with  an  adaptive 
controller,  w  hich  w  ill  be  a  system  closer  to  practical  application.  1  he  concept  of  a  biluininar 
actuator  for  retfuction  of  both  reflection  and  transmission  was  proven  experimentally.  This 
shows  the  feasibility  of  designing  an  active  echo  reduction  system  functioning  independently 
of  the  backing  stnictures. 
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Damage  detection  in  smart  structures  using  neural  networks  and  finite  element 
analysis 

J.  N.  Kudva,  N.  Munir  and  P.  Tan 
Northrop  Corporation,  Hawthorne,  CA  90250 

ABSTRACT:  An  imponant  aspect  of  the  smart  structures  concept  is  automated  structural 
health  monitoring  of  aircraft  structures.  This  requires  detecting  damage  and  assessing  its 
effect  on  structural  performance.  This  paper  presents  a  new  approach  to  detecting  and 
defining  large  area  damage  on  a  structure.  The  approach  is  based  on  using  a  neural 
network  to  deduce  the  damage  size  and  location  from  measured  strain  values  at  discrete 
locations.  The  neural  network  is  trained  using  results  from  finite  element  analyses. 
Several  examples  illustrating  this  approach  are  presented. 

1.  INTRODUCTION 

Automated  health  monitoring  of  aircraft  structures  has  significant  potential  benefits  including 
reduced  life  cycle  costs,  increased  survivability  and  improved  aircraft  turnaround  times. 
Health  monitoring  requires  detection  of  various  types  of  damage  to  a  structure  and  assessing 
its  effect  on  structural  performance.  Damage  detection  and  definition  involves  processing 
signals  from  sensors  while  assessing  the  effects  of  the  damage  requires  appropriate  structural 
analysis.  Since  damage  sustained  by  a  structure  will  not  necessarily  be  at  sensor  locations,  the 
monitoring  system  will  have  to  have  the  ability  to  detect  damage  at  e.ssentiaily  any  location. 
This  can  be  achieved  in  two  ways  -  1)  detect  damage  directly  using  remote  sensing' 
technologies  such  as  acoustic  emission:  and,  2)  deduce  the  damage  using  readings  from  strain 
gages  at  discrete  locations.  This  second  approach  is  used  here.  The  approach  is  based  on 
using  a  neural  network  to  deduce  the  damage  size  and  location  from  measured  strain  values  at 
di.screte  locations.  The  neural  network  is  trained  u.sing  results  from  finite  element  analyses. 

2.  TECHNICAL  APPROACH 

For  a  typical  structural  component  under  a  given  loading  condition,  the  first  step  involves 
determining  the  effects  of  canonical  damage  (e.g.,  a  circular  hole)  of  various  sizes  and  at 
several  locations  using  finite  element  analyses.  The  results  of  these  analyses  are  represented 
by  sets  of  strain  values  at  'L'  locations  as  follows: 

Strain-pattem(i,j)  =  (Sl,S2,S3,...SL)ij 

where  i  and  j  represent  damage  size  and  location  respectively  and  SI,  S2,  etc.,  are  the 
corresponding  strain  values.  The  'L'  locations  represent  arbitrary  but  convenient  and 
judiciously  chosen  strain  sensor  locations  on  the  structure.  For  each  loading  condition,  these 
sets  of  strain  values  are  determined  from  M*N  finite  element  analyses  (where  M  is  the 
number  of  locations  considered  and  N  is  the  number  of  different  damage  sizes  considered  at 
each  of  the  locations). 
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The  next  step  involves  training  the  neural  network  using  the  finite  element  results.  The  strain 
patterns  are  used  as  inputs  and  the  damage  location  and  size  as  outputs  to  train  the  neural 
network  to  a  desired  level  of  accuracy.  The  trained  network  can  then  be  used  to  determine  the 
location,  size  and  effects  of  any  unknown  damage  using  measured  strain  values  (at  the  same 
locations  as  before)  as  inputs. 

.T  FA'AMPLES 


Layer  1  Layer  2  Layer  ?  Layer  4 
(Input)  (Output) 


Figure  1.  Stiffened  Panel  (48"  by  32") 


Figure  2.  Neural  Network 


To  demonstrate  the  appro.ach,  several  example  problems  were  run.  All  the  examples  are  for 
the  16  bay  stiffened  panel  under  uniaxial  compression  shown  in  Figure  1.  The  finite  element 
results  were  generated  using  the  Applied  Structures'  P-finite  element  code  from  Rasna 
Corporation;  the  neural  network  used  was  'N-Net'  from  Al-Ware  running  on  a  386  PC.  In 
all  cases,  two  hidden  layers  with  numbers  of  nodes  per  layer  equal  to  number  of  inputs  w  as 
used.  The  data  was  normalized  by  subtracting  out  the  strain  values  corresponding  to  the 
undamaged  structure  and  back  propagation'  was  used  to  train  the  network.  These  options 
gave  the  best  overall  results. 


The  results  are  summarized  in  Table  1.  The  time  taken  to  train  the  network  varied  from  a  few 
seconds  to  around  ten  minutes  on  the  386  PC.  For  examples  1  to  3,  strain  values  at  the  forty 
locations  shown  in  Figure  1  were  used.  For  example  4,  the  gage  locations  are  shown  m 
l  able  1.  In  all  the  examples,  only  damage  in  the  form  of  circular  holes  (R=()..5  inches  to  2  ,3 
inches)  was  considered.  The  neural  network  was  trained  using  results  from  a  few  values  ot 
the  hole  radii  and  the  trained  network  was  used  to  predict  the  damage  size  and  location  from 
input  strain  values  corresponding  to  other  values  of  the  hole  radii.  In  this  manner  the 
predicted  results  could  be  compared  to  actual  damage. 

In  example  1 .  only  damage  at  the  center  of  bay  A  was  considered.  While  the  predicted 
results  show  the  correct  trend,  the  errors  are  significant.  This  is  because  of  the  limited 
number  of  patterns  (three)  used  to  tram  the  network.  In  example  2.  twelve  patterns  w  ith 
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Table  1:  Summary  of  Results 


Radius 

Location 

Example  Details 

Actual 

Predicted 

Actual 

Predicted 

Example  1.  Trainine  Set: 

1 

0.5 

R  =  0.5,  1.5  and  2.5  inches  in  Bay  A 
Input  =  20  and  40  Gages 

Output  =  Damage  Radius 

2 

1 

2.2 

0.6 

2 

2.4 

1 

0.73 

A 

A 

2 

2.5 

A 

A 

] 

1.1 

B 

B 

R  =  0.5,  1.5  and  2.5  inches  in  Bays  A,  B,  C,  &  D 

2.0 

B 

B 

Input  =  40  Gages 

2 

Output  =  Damage  Radius  and  Location 

1 

0.6 

C 

C 

2 

1.4 

C 

C 

1 

0.6 

D 

D 

2 

2.4 

D 

D 

Examole  3.  Training  Set: 

R  =  1.5  and  2.5  inches 

2 

2.04 

Q-1 /A 

Q-l/A 

Inputs:  40  Gages  - 

(i)  Damage  in  all  16  Bays 

— Q-1  — 

1 

~Q-3— 

1 

2 

1.88 

Q-l/B 

Q-l/B 

(ii)  Damage  in  Bays  in  Quad  1  only 

1 

-Q-2-h 

1 

1 

~Q-4- 

1 

2 

2.05 

Q-l/C 

Q-l/C 

Outputs: 

2 

Q-l/D 

ti)  Quad  Location  &  Radius 
(ii)  Bay  Locations 

Examole  4.  Training  Set: 

■ 

1.45 

■ 

m 

R  =  0.5  and  1.5  inches  at  Locations 

B 

1.50 

■■ 

a,  b,  c,  &  d  in  Bay  A 

■■ 

Input  =  8  Gages  at  Locations  Shown 

mm 

0.65 

c 

Output  =  Damage  Radius  and  Location 

1 

1.46 

d 

■ 
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damage  at  the  center  of  bays  A,  B,  C,  and  D  were  used  for  training.  In  ail  cases  the  damage 
locations  were  predicted  correctly.  The  accuracy  of  damage  size  prediction  was  erratic,  but 
again  the  trend  was  correct. 

In  example  3,  damage  in  all  sixteen  bays  were  considered  and  32  patterns  (R=1.5  and  2.5 
inches  in  each  of  the  bays)  were  used  for  training.  This  resulted  in  ’saturation'  of  the 
network  and  the  network  failed  to  converge.  Because  of  this,  a  hierarchical,  two  step 
approach  was  used.  First,  the  trained  network  (using  ail  32  patterns)  was  used  to  predict  the 
hole  radius  and  just  the  quadrant  locations.  (Bays  A,  B,  C,  D  are  in  quadrant  1;  E,  F,  G,  H 
are  in  quadrant  2;  and  so  on.)  Next,  the  network  was  trained  using  patterns  with  damage  in  a 
single  quadrant  and  this  was  used  to  predict  the  damaged  bay  location  within  the  quadrant. 
Tliis  procedure  gave  excellent  results  for  both  damage  size  and  locations. 

The  final  example  involved  locating  damage  within  a  bay  when  the  damage  was  off-center. 
Eight  patterns  (damage  of  radius  =  0.5  and  1 .5  inches  near  the  four  comers  of  bay  A)  were 
used  for  training.  The  trained  network  was  used  to  predict  the  size  and  location  of  1.0  inch 
radius  holes  at  the  four  corners.  Because  the  training  patterns  correspond  to  damage  close  to 
each  other  within  a  single  bay,  the  patterns  are  quite  similar  to  each  other.  This,  coupled  with 
the  limited  number  of  training  patterns  used,  lead  to  significant  errors  in  the  results.  The 
locations  were  predicted  correctly  except  in  one  case  (damage  at  location  c  was  predicted  to  be 
at  location  d;  the  strain  patterns  for  damage  at  these  two  locations  are  very  similar). 

4.  CONCLUDING  REMARKS 

The  examples  demonstrate  that  a  neural  network  can  be  used  to  determine  damage  location 
and  size  in  a  typical  structure.  Several  points  are  noted  in  this  regard: 

1.  The  training  sets  have  to  be  carefully  chosen  -  too  much  information  and  too  little 
information  both  lead  to  inaccuracies  and  even  lack  of  convergence. 

2.  It  is  easier  to  predict  damage  location  than  size.  This  is  to  be  expected  since 
location  is  a  discrete  variable  and  size  output  is  a  continuous  variable  (for  instance,  a 
location  output  of  between  0.5  to  1 .5  inches  can  be  considered  to  be  location  1). 

3.  It  is  more  efficient  to  use  an  hierarchy  of  networks  rather  than  one  big  network. 
This  is  significant  because  it  would  reduce  the  computational  requirements  and  can 
also  be  used  to  provide  redundancies  for  implementation  on  large  structures. 

Future  work  will  be  focused  on  using  this  approach  for  large  structures  such  as  aircraft  wing 
torque  boxes  under  complex  loading  cases.  An  interesting  variation  of  tlie  approach  currently- 
being  examined  is  using  the  network  to  directly  predict  the  reduced  load  carrying  capacity  of 
the  damaged  structure. 
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Experimental  determination  of  damage  and  interaction  strain  fields  near  active 
and  passive  inclusions  embedded  in  laminated  composite  materials 

J.  S,  Sirkis,  H.  Singh,  A.  Dasgupta,  and  C.C.  Chang 

University  of  Maryland,  Department  of  Mechanical  Engineering,  College  Park, 
Maryland  20742,  301-405-5265 

ABSTRACT:  This  paper  presents  some  experimental  observations  of  failure 

mechanisms  of  optical  fiber  sensors  and  piezoceramic  actuators  embedded 
in  laminated  composites.  The  observations  are  made  using  optical 

microscopy  and  moire’  interferometry  for  many  different  loading 
conditions. 

INTRODUCTION 

Some  micro-mechanical  interaction  issues  associated  with  developing 
"intelligent"  structures  with  embedded  passive  or  active  inclusions  are 
addressed  in  this  paper.  The  emphasis  is  on  experimentally  identifying 

possible  damage  and  failure  mechanisms  caused  by  embedded  optical  fibers 
acting  as  passive  inclusions  within  a  composite  structure.  Damage  in  such 
structures  can  occur  on  the  macroscale  or  microscale,  each  scale  having 
different  implications.  Damage  on  the  macroscale  generally  reduces  the 
stiffness  and/or  strength  of  the  host  material  thereby  leading  to  structural 
degradation.  Damage  on  the  microscale  will  effect  the  sensoral/actutoral 
functions  of  the  inclusions  by  altering  strain/force  transfer.  Microscale 

damage  ran  also  coalesce  into  macroscale  damage  which  can  ultimately  influence 
structui'al  integrity. 

The  brevity  of  this  manuscript  precludes  any  discussion  of  the  experimental 
details  used  in  recording  the  data  which  will  be  presented.  This  data  that  is 
presented  is  intended  to  be  "food-for-thought"  in  the  sense  that  embedded 

sensors/actuators/processors  are  foreign  inclusions  in  host  structures,  and 
these  structure  have  mechanisms  which  "reject"  the  inclusion  much  like  the 
biological  rejection  of  transplanted  organs.  The  mechanical  rejection  appears 
as  high  stress  or  strain  concentrations,  microcracking,  macrocracking,  etc. 

In  a  sense,  this  paper  strives  to  raise  the  awareness  of  some  of  the 

"intelligent"  structures  community  to  interaction  mechanics  issues. 
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OBSERVED  INTERACTIONS 

Several  graphite/epoxy  composite  lay-ups  are  considered  with  optical  fibers  of 
several  different  diameters  and  coating  systems  embedded  within  them.  Also 
considered  are  the  effects  of  both  embedded  piezoceramic  actuators  and  local 
processors  on  the  strain  states  in  the  host  structure.  All  specimens  are 
investigated  using  moire’  interferometry  or  optical  microscopy. 

The  first  set  of  data  that  is  presented  provides  a  visual  feeling  for  how  host 
laminated  structures  respond  to  embedded  optical  fibers  of  various  diameters 

and  coating  systems.  Fig.  1  shows  the  vertical  displacement  field  of 
unidirectional  laminated  composites.  with  optical  fibers  embedded 
perpendicular  to  the  indigenous  reinforcing  fibers,  and  loaded  parallel  to  the 

reinforcing  fibers.  One  sees  that  the  larger  inclusions  have  more  pronounced 
the  effect.  This  result  is  intuitive,  and  has  ramifications  in  embedded 
actuators.  Fig,  2  shows  the  horizontal  displacement  fields  for  a  specimen  of 
similar  make-up  as  those  in  Fig,  1,  and  also  provides  the  strain  distribution 
along  the  horizontal  symmetry  line.  Residual  strain  fields  have  also  been 

measured  in  similar  specimens  with  similar  methods. 

The  next  set  of  data  describes  the  macroscale  and  microscale  effect  of  optical 
fibers  on  the  impact  characteristics  of  laminated  composites.  Fig,  3  shows 
x-radiographs  of  |0^/90^/0F/90^/0^1  clamped-clamped  impact  specimens  with  the 
same  six  embedded  optical  fibers  used  in  Fig.  I.  In  all  cases  the  radiographs 
show  horizontal  matrix  cracks  and  bi-lobed  delaminations  typical  of 
orthotropic  laminates  with  no  embedded  optical  fibers.  Volume  Visualization 
Ultrasound  techniques  show  that  the  larger  fiber  diameters  do  influence  which 

plies  delaminate  first.  Figure  4a  shows  that  the  smallest  optical  fiber 
directly  under  the  impact  zone  does  not  attract  microcracks,  while  Fig.  4b 
shows  that  the  largest  optical  fiber  1.5cm  from  the  impact  zone  is  responsible 
for  significant  transverse,  longitudinal,  and  interfacial  cracking. 

The  final  set  of  data  shows  the  displacement  and  strain  fields  caused  by 
embedded  piezoceramic  and  microelectronic  circuits.  Fig.  5a  shows  the 
vertical  displacement  field  generated  by  a  piezoceramic  actuator  embedded  in  a 
laminated  composite  which  is  subjected  to  three  point  bend  loading.  The  high 
displacement  gradients  at  the  interface  between  the  actuator  and  host  material 
are  clearly  evident.  Fig.  5b  shows  the  strain  distribution  along  a 
pppresentative  through  the-thickness  line.  Microcracking  in  piezocerar.iics  due 
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lo  actuation  loads  and  due  to  stress  concentrations  caused  by  the  solder  joint 
during  the  composite  curing  process  are  not  shown,  but  are  quite  common.  Tiie 
fig.  6  shows  the  vertical  displacement  Tield  and  the  strain  distribution  along 
the  vertical  symmetry  line  of  an  embedded  741  operation  amplifier.  The 

loading  in  this  case  is  due  solely  to  the  thermal  dissipation  of  the 
m'croelectronic  circuit. 


CONCl.USluNS 

fhis  paper  has  presented  representative  results  of  a  wide  variety  of  tests  in 
an  on.going  research  program  aimed  at  elucidating  the  impoi'tant  interaction 
meciianics  between  embedded  passive  and  active  inclusions  and  the  host 
structure.  The  goal  of  this  i  f  search  is  to  determine  how  these  interaction 
mechanics  effect  the  performance  of  ''intelligent"  structures.  (The  authors 
would  like  to  thank  Lir.  R.  i  laus  of  Va.  'lech,  for  manufacturing  the  specimen 
used  in  fig.  6.) 


figure  1. 


Figure 
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Micro-damage  analysis  with  embedded  sensors  in  macro-composites 


Gregory  P.  Carman,  John  J.  Lesko,  Kenneth  L.  Relfsnider  [1],  Ashi'sh 
Vengsarkar,  Bill  Miller,  Brian  Fogg,  &  Richard  Claus  [2] 

(1)  Engineering  Science  and  Mechanics,  (2)  Electrical  Engineering 
Virginia  Tech.,  Blacksburg  Va.,  24061 


ABSTRACT:  A  scaled  up  version  of  a  composite  material  is  utilized  to 
investigate  the  interaction  between  Interrral  damage  and  embedded  sen¬ 
sors.  The  guantltatlve  measurements  generated  are  utilized  to  validate 
current  micromechanical  representations  describing  the  stress  redis¬ 
tribution  around  a  fiber  fracture.  Data  Is  presented  to  substantiate 
the  ability  of  fiber  optic  strain  sensors  to  locate  damage  by  a  trl- 
angulatlon  scheme.  This  is  shown  to  be  possible  for  sensors  outside 
the  perturbed  stress  region.  With  the  use  of  accurate  micromechanical 
models  and  statistical  methods  global  level  strength  predictions  are 
shown  to  be  possible.  Thus,  these  analysis  are  key  elements  for  the 
processing  of  data  obtained  from  embedded  sensors  In  actual  material 
systems  for  strength  predictions. 

1.  INTRODUCTION 

Micro  level  damage  events  which  occur  in  material  systems  are  extremely 
important  issues  when  addressing  the  remaining  strength  and  life  of  the 
structure.  These  phenomenon  include  fiber  fracture,  matrix  cracks,  and 
fiber  end  effects.  The  ability  to  understand  and  quantify  these  events 
during  the  life  of  the  composite  require  the  use  of  internal  sensors  (l.e. 
resistant  strain  gauges  and  Fabry  Perot  fiber  optic  strain  sensors)  in 
conjunction  with  accurate  micromechanical  analysis.  Internal  sensors  are 
a  necessity  to  monitor  the  local  damage  events  which  occur  in  materials 
under  service  conditions.  The  data  generated  by  the  sensors  can  subse¬ 
quently  be  analyzed  to  determine  the  location  and  magnitude  (l.e.  with 
the  appropriate  micromechanical  representations)  of  the  damage  In  an  at¬ 
tempt  to  accurately  derive  a  quantitative  measure  of  the  remaining 
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structures  life.  We  have  developed  a  unique  system  (Carman  et  al  1992a) 
which  is  capable  of  providing  base  line  information  on  measurements  made 
with  embedded  sensors  in  the  vicinity  of  fiber  fractures  (presently  being 
extended  to  study  compression  failures).  This  methodology  is  shown  to 
provide  accurate  quantitative  measurements  of  local  point-wise  strains 
in  a  composite,  and  is  used  to  validate  current  micro-mechanical  repres¬ 
entations  of  this  damage.  This  provides  a  unique  capability  to  understand 
and  incorporate  the  correct  physical  mechanisms  in  the  analytical  devel¬ 
opments  of  micro-models.  These  two  capabilities  give  the  scientific 
community  a  method  to  understand  embedded  sensor  technology  and  a  tech¬ 
nique  to  directly  verify  analytical  micromechanical  models.  The  quanti¬ 
tative  results  presented  will  demonstrate  the  relationship  between 
internal  measurements,  micromechanical  analysis,  and  laminate  level 
strength  predictions. 

2.  ANALYSIS  &  EXPERIMENTS 

This  techniques  involves  an  experimental  macro-model  composite  (i.e. 
scaled  up  lOOx  version  shown  in  Figure  1)  with  the  appropriate  constitu¬ 
ents;  fiber,  matrix,  and  interphase.  With  the  use  of  Fabry-Perot  fiber 
optic  sensors  and  resistance  strain  sensors  embedded  in  the  macro-model, 
direct  measurements  of  internal  strains  at  the  fiber  diameter  level  in 
the  composite  are  achieved.  These  measurements  have  been  verified  with 
an  appropriate  comparison  to  classical  external  measurement  techniques 
and  well  accepted  theoretical  methodologies  (Figure  2  Lesko  et  al  1992) 
By  introducing  into  the  composite  a  highly  controlled  internal  damage 
(e.g. fiber  fracture)  of  known  magnitude  and  location  accurate  represen¬ 
tation  and  measurements  of  the  local  strain  redistribution  is  achieved. 
This  provides  base  line  data  on  the  response  exhibited  by  the  embedded 
resistant  and  fiber  optic  sensors  in  the  vicinity  of  localized  damage. 
The  tests  performed  demonstrate  the  sensor's  ability,  not  only  to  measure 
the  initiation  of  damage,  but  to  also  provide  accurate  data  in  the  pres¬ 
ence  of  the  internal  anomaly.  The  fiber-optic  sensor  actually  detects 
the  compressive  shock  wave  generated  during  the  fiber  fracture  process 
at  locations  outside  the  effected  region.  In  fact  with  multiple  embedded 
sensors,  the  capability  to  locate  the  damage  event  by  triangulation 
methods  can  be  achieved.  In  Figure  3  we  present  data  obtained  from  two 
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fiber  optic  strain  sensors  located  at  relatively  different  positions  from 
the  shock  wave  initiation  site.  A  measured  delay  of  80  microseconds  is 
found  for  the  relative  onset  of  the  shock  wave  generated  by  an  energy 
pulse  (e.g.  fiber  fracture).  The  distance  between  the  two  gauges  is  ap¬ 
proximately  16.0  cm.  This  corresponds  to  a  measured  wave  velocity  of  2000 
m/sec.  Utilizing  a  smeared  composite  approach,  a  wave  velocity  of  2300 
m/sec  is  theoretically  predicted.  This  demonstrates  the  plausibility  of 
employing  triangulation  methods  to  locate  damage  in  actual  composites 
with  experimental  data  obtained  from  embedded  sensors  and  knowledge  of 
wave  speed  calculated  theoretically.  Utilizing  strain  energy  methods, 
the  extent  of  the  damage  can  be  inferred  from  the  amplitude  of  the  shock 
wave.  That  is,  a  fiber  fracture  releases  more  energy  into  the  system  than 
a  matrix  crack  and  thus  causes  a  larger  disturbance  in  the  material. 

In  addition  to  providing  baseline  data  on  measurements  with  the  embedded 
sensors  in  the  presence  of  internal  anomalies,  the  test  generates  data 
on  local  strains  in  the  damaged  region  which  are  utilized  to  verify  and 
improve  current  analytical  micromechanical  representations  Carman  et  al 
1992b.  This  latter  capability  is  a  necessity  to  predict  real  time  com¬ 
posite  strength  and  suggest  the  resulting  failure  modes.  The  methodology 
presented  permits  the  ability  to  vary  independent  parameters  which  may 
influence  the  stress  redistribution  in  the  neighborhood  of  the  anomaly 
(e.g. fiber  spacing).  The  ability  to  systematically  change  these  quanti¬ 
ties  enables  the  researcher  to  analyze  the  effect  each  parameter  has  on 
stress  redistribution  based  on  direct  data  obtained  with  the  embedded 
sensors.  This  work  has  been  extended  to  include  a  study  of  interphase 
coatings  on  the  fiber  optic  sensors  to  provide  an  optimal  response  in  the 
presence  of  the  localized  damage  event  (Carman  &  Reifsnider  1992). 

With  the  use  of  accurate  micromechanical  models,  laminate  level  strength 
predictions  can  be  accomplished.  Recently  Gao  et  al  1992  employed  a  sta¬ 
tistical  approach  along  with  a  micromechanical  development  to  demonstrate 
the  functional  dependence  of  strength  on  various  micromechanical  parame¬ 
ters.  They  demonstrated  that  with  improved  representations  of  fiber 
fracture  at  the  local  level,  accurate  global  level  predictions  are  pos¬ 
sible.  As  can  be  seen  in  Figure  4,  their  theoretical  development  is  an 
improvement  over  Hahn's  classic  bundle  theory.  Theoretical  development 
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such  as  these  can  be  utilized  in  conjunction  with  embedded  sensors  to 
predict  remaining  strength  and  life  of  a  composite  in  real  time.  This  is 
accomplished  with:  1)  knowledge  of  the  location  of  the  damage,  2)  under¬ 
standing  of  the  extent  of  damage,  3)  an  accurate  micromechanical  repre¬ 
sentation  of  the  damage,  and  4)  an  appropriate  statistical  approach  to 
relate  the  damage  to  global  level  strength.  We  believe  that  the  results 
discussed  in  this  paper  demonstrate  that  1,  3.  and  4  have  been  and  can 
be  achieved. 

3.  CONCLUSIONS 

In  conclusion,  a  model  composite  was  utilized  to  understand  the  interre¬ 
lationship  between  embedded  sensors  and  a  fiber  fracture.  The  sensors 
have  been  shown  to  provide  accurate  internal  measurements.  The  data  ob¬ 
tained  with  these  devices  corroborated  a  micromechanical  model  of  fiber 
fracture  which  includes  a  correct  physical  interpretation  of  various 
internal  parameters.  Multiple  embedded  sensors  were  shown  to  be  able  to 
detect  the  onset  of  a  shock  wave  which  could  be  used  to  locate  the  damage 
with  the  use  of  triangulation  methods  and  knowledge  of  wave  speed  in  the 
material.  Through  the  use  of  micromec' anical  methods  and  statistical  ap¬ 
proaches,  laminate  level  strength  predictions  were  formulated.  These 
three  topic  areas  (i.e.  delay  measured,  micromechanical  representation, 
and  statistical  approach)  can  subsequently  be  utilized  to  make  real  time 
life  predictions  of  composite  structures  tlirough  the  use  of  data  obrained 
from  embedded  sensors. 
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ABSTRACT;  Future  advanced  aerospace  vehicles  will  require  smart  embedded  sensor 
systems  and  data  links  to  monitor  structural  integrity  and  flight  environment 
characteristics.  This  health  management  system,  referred  to  as  a  smart  structure  will  be 
capable  of  assessing  vehicle  structural  damage  in  real  time  and  reconfiguring  flight 
controls  to  ensure  mission  performance  and  flight  safety.  This  paper  describes  a  hetilih 
management  approach  for  smart  structures  that  integrates  smart  sensor  and  conventional 
sensor  technology  with  dedicated  sensor  supervisory  management  processors  t(' 
effectively  interpret  and  manage  information  provided  by  multiple  sensors.  The 
description  of  this  sensor  architecture  approach  and  implementation  of  sensor  hardw  are 
including  optically  powered  sensors  and  optical  sensor  avionic  interfaces  are  di.scussed. 

1.  l.N'fRODUCTlO.N' 

In  recent  years,  fiber-optic  sensors  have  been  developed  to  efficiently  monitor  the 
manufacturing,  health,  and  performance  of  smart  structures.  These  sensors  can  provide 
benefits  of  immunity  to  electromagnetic  interference  (FMl),  high-temperature  capability, 
high  bandwidth,  electrical  isolation,  light  weight,  and  the  implementation  of  a  single  fiber 
for  signal  multiplexing.  However,  the  development  of  fiber-optic  sen.sors  has  been  limited 
to  R&D  applications  with  few  products  currently  available.  Although  fiber-optic  sensors 
offer  great  potential,  they  fail  to  meet  some  basic  system  requirements.  These  requirements 
include  the  provision  for  standardized  optical  sensor  interfaces  that  allow  different  types  of 
fiber-optic  sen.sors  to  be  installed  and  maintained  in  smart  structures.  In  addition,  smart 
structure  sensors  should  provide  reliable  measurement  of  structural  integrity  parameters 
without  sensitivity  to  secondary  environmental  effects  and  be  easily  integrated  into  today's 
metallic  stnicture  aircraft.  The  optically  powered  sensor  (OP.S)  approach  promotes  the  idett 
of  sttindtirdized  optical  sensor  avionic  interfaces  without  comprising  basic  smtirt  structure 
system  rccjuirements. 

2.  OP  riCAl.LY  POWERED  SEN.SOR 

The  OP.S  tipproach  is  a  novel  system  approach  that  incorporates  a  standardized  inicifacc 
concept  :tnd  facilitates  the  integration  of  both  fiber-optic  and  electronic  .sensors  for  smart 
stnicturcs  applications.  The  key  to  the  approach  is  to  use  a  fiber  cable  to  transfer  optictil 
power  to  a  remotely  located  sensor  module,  acquire  sen.sordata,  and  transmit  the  datti  hack 
to  the  control  electronics  in  a  time-multiplexed  fa.shion.  Figure  1  illustrates  the  rcmotcls 
powered  OPS  concept.  The  optical  power  transmitted  to  the  remote  sensor  located  on  the 
end  of  the  fiber  link  is  converted  to  electrical  power  via  a  series  of  matched  photodiodes. 
1  ho  sensor  module  contains  a  micropower  analog-to-digital  converter  circuit  to  convert 
multiple  sensor  inputs  such  as  pressure,  temperature,  strain,  and  acoustic  mission  to  an  S-bit 
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equivalent  word.  The 
sensor  data  is  then 
routed  to  a  data  pulse 
driver  circuit  that 
controls  a  light- 
emitting-diode 
transmitter.  The  8-bit 
serial  data  is  sent  back 
to  control  electronics  a 
bit  at  a  time  via  the 
optical  fiber  link.  The 
powcr-by-light  concept 
provides  the  benefits  of  optical-fiber  sensors  for  near-term  and  long-term  application 
without  having  to  compromise  on  optical  fiber  sensor  present-performance  limitations. 
Instead,  the  optically  powered  sensor  approach  promotes  the  idea  of  integrating  power-by- 
lighi  sensors  with  fiber-optic  sensors  by  sharing  a  common  compatible  optical  fiber  an, I 
control  electronics. 

The  OPS  approach  ttlso  provides  several  additional  advantages  for  smart  structure 
applications  as  follows: 

•  Uses  proven  electronic  sensors  that  meet  the  necessary  performance  aiui 
environmental  requirements, 

•  Uses  existing  sensor  technologies  for  meeting  a  wide  variety  of  ‘  pplications. 

•  Uses  a  simple  yet  ruggedized  optical  packaging  technique  developed  by  fiber-optic 
communietttions  technology, 

•  Uses  a  standardized  single  optical  fiber  interface  at  both  the  sensing  and  the 
receiving  end  of  every  sensor  application. 

2.1  Desigti  Approach 

In  the  OPS,  sufficient  optical  power  is  transmitted  to  the  remote  sensor  via  the  fiber  link  so 
that  a  significant  level  of  optically  generated  electrical  power  is  available  for  data 
actjuisiiion  and  transmission.  The  wide  variety  of  reliable,  inexpensive  electronic 
transducers  can  then  be  used  as  sensor  elements.  Several  significant  developments  in  optical 
anil  micropower  electronics  technology  have  made  the  concept  feasible.  Commerciallv 
available  laser  diodes  are  able  to  supply  up  to  1.0  W  of  optical  power  into  the  fiber  at  ;t 
wavelength  of  S.s()  nm.  A  new  generation  of  CMOS  micropower  analog-to-digital 
converters  dec  eloped  at  1  loneywell  consume  only  microwatts  of  power. 

I  l'.cwe  are  key  components  in  a  system  in  which  a  single  KKl- micron -core  multimode  optical 
fiber  IS  used  to  provide  optical  power,  address  one  of  several  multiplexed,  eleciricalls 
iMilated  UMI-shielded  sensor  modules,  and  provide  a  data  return  path.  A  set  of  matched 
I'hoiodeiectors  arranged  in  series  is  used  to  convert  the  incoming  light  to  a  dc  voltage.  Data 
conmiunication  is  provided  by  standardized  off-the-shelf  light-emitting  diodes  and 
phi 'todiodcs. 

U  DISTRIBUTUD  SKNSOR  ARCHI  TUCI  URUS 

Multisensor  integration  is  the  key  to  providing  integrated  health  monitoring  for  high- 
integrity  systems  such  as  smart  structures.  The  distributed  sensor  architecture  approach 
(  .Schix'ss  1988,  1989),  .as  shown  in  Figure  2,  supports  the  idea  of  multisensor  integration  at 
both  the  sensor  level  and  structural  integrity  assessment  level  through  key  building  blocks 
^uch  as  smart  sensors  and  stn.art  sensor  supervisors. 


Series  Diode  Array 


Figure  1.  Honeywell  Optically  Powered  Sensor  Concept 
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Figure  3  shows  a  smart  structure  distributed 
network  concept  based  on  the  distributed 
sensor  architecture  design  philosophy. 
Structural  integrity  monitoring  occurs  at 
remote  locations  in  the  smart  aerospace 
vehicle  in  the  wingbox  and  higher 
temperature  outer  skin  areas.  The  concept 
can  be  described  in  terms  of  two  separate 
modules:  a  remote  transducer  module  and 
the  sensor  interface  module.  Power  to  the 
electronics  in  the  remote  transducer  module 
is  optically  transmitted  from  the  sensor 
interface  module.  Remote  transducer 
modules  are  embedded  or  attached  to  the 
smart  aerospace  vehicle’s  structure.  Inputs 
provided  by  strain,  temperature,  pressure, 
and  acoustic  emi.ssion  sensors  are  actiuired 
F-igure  2.  Distributed  Sensor  Architecture  by  the  remote  transducer  module  ami 
Concept  converted  to  an  equivalent  digital  word. 

The  data  is  then  transmitted  back  to  the 
sensor  interface  module,  which  contains  a  low-power  microprocessor,  laser  drive 
electronics,  and  data  decoding  electronics  handle  synchronization  and  sensor  addressing. 
The  OPS  network  concept  supports  the  networking  of  several  remote  transducer  modules  ut 
a  single  sensor  interface  module. 

4.  OPS  APPLICATION  TO  STRUCTURAL  INTF.GRITY  .MONITORING 

P'igure  4  illustrates  how  the  network  concept  couUl  be  applied  to  monitor  wingbox  structural 
integrity.  This  figure  shows  an  embedded  fiber  sensor  system  that  uses  low-cost  power-b_\  - 
light  sensors  and  fiber-optic  sensors  on  a  .shared  multidrop  fiber  bus.  The  benefits  of  this 
approach  include  simplicity  of  design,  commonality,  producibility,  and  maintainability.  Phe 
simplicity  of  this  approach  is  achieved  by  implementing  a  common-shared  redundant 
optictil  bus  that  transmits  optical  power  and  sensor  address  infonnation  to  both  powcr-b\  ■ 
light  sensor  modules  and  embedded  optical  fiber 


1  tgurc  .'.  N.A.SP  .Smart  Instnimentation  Design  Figure  4.  Wingbox  Structural 
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The  sensor  interface  module  electronics  will  transmit  optical  power  and  addiess  information 
to  tlie  individual  remote  sensors  at  a  wavelength  of  850  nm  as  previously  described.  The 
module  will  also  handle  optically  powered  sensor  bus  synchronization  and  data  decoding  of 
sensor  data  sent  by  individual  sensors.  It  will  share  the  multimode  fiber  with  one  or  more 
fiber-optic  sensors  controlled  by  a  fiber  sensor  interface  module.  The  fiber  str.sor  will 
operate  at  a  wavelength  that  will  be  compatible  with  the  network  detection  electronics.  A 
fiber  sensor  interface  module  will  have  appropriate  laser  drive  electronics,  local 
intelligence,  and  deciding  electronics  to  detect  sensor  data  returned  on  the  network.  This 
approach  v.ould  be  compatible  with  filxtr  sensors  that  modulate  the  intensity  of  the  light 
output  for  measurement.  Reflective  fiber  sensors  such  as  a  fiber-optic  temperature  sensor 
incorporating  bimetallic  elements  are  good  examples  of  compatible  sensors. 

l-’igiire  .s  illustrates  the  system-level  ;ip[)roach  illustrating  remote  transducer  motiule 
electronics,  which  include  an  optical  interface,  sensor  analog-to-digital  conversion 
electronics,  ;ind  ;tn  integral  pie/o-acoustic  transducer  array.  Acoustic  soundwtii. cs  th.it 
propagate  through  the  aerospace  structure  are  delected  by  the  acoustic  emi.ision  tntnsducer 
arras  to  isolate  internal  structural  damtige  processes.  'I'he  sensor  mod  'le  htirdware  is 
talrrictited  as  a  Itigh-tempertiture  avionic  I.vbrid  to  meet  aircraft  environmcnt.il 
iciiiiirements.  This  approach  provides  the  significant  benefit  of  maintaining  and  repairing 
structural  monitoring  htirdware  without  compromising  the  logistics  issues  of  embediling 
fiber  sensors. 
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Research  activities  on  active  control  technology  of  aircraft  in  Japan 
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\1itaka.  lokM).  ,i;ip:in  C'hikusti.  N;iiZO\a.  Japan 

A15S  rR/NC'  l':  The  rcsctirch  tictiviiics  in  Japtin.  p-laicil  to  the  ;icii\c  conlo'l  ict-ii- 
noloc>'  of  tiircrtift,  especially  in  the  field  of  ticroscrvoclasticity,  arc  rcs  icucd,  I'he 
ni.athcniati  :al  modeling  ;ind  contrt'l  hiw  synthesis  method  for  ;ier('ser\ oelastic 
s\sieni  esttiblished  ;it  N;ition;il  Aen'spticc  l^ihonitory  is  described.  As  thei>retieal 
works  in  the  rehiteel  fields,  robust  control  svstem  design  method  w  ith  multiple 
model  tipprotich  and  ttiLiltidisciplintiry  ('ptinii/tition  by  gtnil  programming  meihoi.1 
tire  bi  ietJy  rev  iewcil.  livperimenttil  niv  estigtitions  in  wind  tunnels  are  stated. 


1.  IM'KOlJl CI  ION 

The  closely  related  topics  to  the  adaptive  structure,  the  aircraft  active  control  technologv 
(ACT),  especiiilly  in  the  ticld  of  aeroservochisticity  (ASb.)  htis  been  pursuerl  worldw  ide  for 
more  thtm  two  dcctides.  Among  these  rcsctirch  tictiv  ities.  Japan  has  also  been  conducting 
the  continuous  resc.arch  efforts  on  this  topics,  l  ig.  I  summ.irl/es  these  tictiv  ities. 

Motivtitcd  by  the  pioneering  research  conductcrl  in  the  I’nitcd  States,  some  btisic  stuilics 
coticerning  the  ticroservoeltistic  -iystem  were  initiated  tiround  the  mid  7(ls  in  Japan.  Thev 
include  the  theoretictil  studies  such  tis  the  uns'etaly  tieriKlynamic  modeling,  the  synthesis 
method  of  tieroeltistic  control  system  tind  subcritical  response  identification  (Mtitsu/tiki  ci  til 
IbSl )  executed  at  the  N'ationtil  Aerospace  Ltibortitoiy  (NAl.).  the  cxperimenttil  siudv  oi 
controlling  betim  vibration  using  magnetic  force  done  by  Kawasaki  lletiv  v  Industries  Co. 
l.ld.  (Kill),  tind  the  series  of  experii.iental  investigtititms  of  controlling  d-rlimensiimal 
airU'il  flutter  conducted  at  the  Universitv  of  Ibkvo. 
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Fig. I  Research  activities  on  aircraft  ASFi  system  in  Japan 
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Oiirini;  tlic  SO's  the  research  incrctiscci  in  scope.  Based  on  the  pre\  ions  basic  research, 
vaiidaiion  experiments.  Icttsiliility  studies  and  extended  theoretical  investigations  were  c;ir- 
ried  out  at  exery  resetirch  .sectors  in  Jtip.an;  the  universities,  the  research  institutes  and  the 
aircrali  manuhicturers. 

Wind  tunnel  studies  to  verify  the  previously  proposed  ASE  synthesis  method  were  conduct¬ 
ed  at  NAL.  Mctinwhilc.  Japtincse  aircnift  nianufticturers  were  involved  in  the  adx  tinced 
aircraft  technology  studies  sponsored  by  the  Society  of  J;ip:m  Aerospace  Industries  Associa¬ 
tion.  Within  this  prognini,  mtijor  manufticturers  conducted  ;icti\e  control  rel.ated  research. 
At  Kill,  wind  tunnel  studies  were  conducted  concerning  the  gu.st  load  tillcvialion  and  tictivc 
flutter  suppression  for  ;i  high  aspect  ratio  wing.  At  Mitsubishi  Hc;iv\  Industries  Co.  Ltd. 
(Mill),  a  conccplutil  design  study  on  the  rcdundtint  /\CT’ system  with  high  rclitibilits'  vxxis 
conducted.  A  feasibility  study  to  ;dlcvi;iic  the  hydoroelastic  forces  on  the  sttibilizer  of  a 
seaplane  xvtis  carried  (tut  ;it  Shin-Mciw;i  Industry  Corporation.  Many  an.alytictil  inx  cstigti- 
tions  were  conducted  ;it  universities  concerning  the  ;ipp!ic;ition  of  advtmccd  ci'ntrol  theory 
to  the  .ASL  system  (Ohta  et  a!  19S9).  In  the  following,  the  typic.a!  research  timong  these 
actix'itics  are  presented. 

niLOKLTICAl,  KLSLARCH 

riic  representative  thcoretictil  resctirch  in  Jtiptin  presented  here  are  rcsetirch  of  control  l;iw 
synthesis  method  v  tilidatcd  by  the  series  of  wind  tunnel  tests  done  in  NAL,  research  on 
robust  control  with  multiple  model  approtich.  and  rese.arch  on  multidisciplinary  optimiz;i- 
tion  of  ASL,  system. 

2.1  Finitc-sl;ite  moileling  and  control  law  synthesis 

tig. 2  shows  the  synthesis  flow  csttiblished  ;it  NAL  along  with  the  tieroserx'ochistic  svstem 
which  resulted  from  implementing  the  control  Itiws  into  the  on-bo;ird  computer.  The  con¬ 
trolled  plant  of  flexible  aircraft  is  in  itself  the  distributed  system;  its  dyntimics  are  inherently 
expressed  by  the  partial  difference  equation.  In  order  to  .apply  the  fully  culti\:ited  optimtil 
control  theory,  it  is  necessary  to  express  these  distributed  systems  in  the  form  of  a  lumped 


F  ig  2  Control  law  synthesis  procedure  for  ASL  system 
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parameter  mathematical  model.  With  the  aid  of  the  modal  approach  and  the  truncation  of 
the  higher  modes,  we  can  obtain  the  lumped  parameter  math  model  for  the  structural 
dynamics.  We  ha\c  proposed  the  method  to  obtain  the  finite  state  math  model  to  the 
unsteady  aerodynamics  (Miyazawa  1981  1987  1983,  Matsushita  1982)  using  the  efficient 
CFD  program  developed  by  Ueda  (1982).  The  unsteady  aerodynamics  arc  approximated 
introducing  the  augmented  variables  which  express  the  fund;imcnt;il  chtiractcristics  of  dclav 
in  the  unsteady  acroforccs.  The  observable  outputs  of  the  system  can  be  expressed  as  a 
linear  combination  of  the  state  variables,  so  that  the  whole  mathematical  model  ctin  be 
reduced  in  the  finite  dimensional  form. 

When  the  ASE  system  can  be  expressed  in  this  form,  we  can  easily  find  the  flutter  chtimc- 
tcristics  by  eigenvalue  analysis,  and  furthermore,  we  can  then  ttpply  the  optimal  contrttl 
theory  by  defining  the  appropriate  cost  function  to  get  the  optimal  control  laws.  As  the  cost 
function,  we  tidopt  the  mechanical  energy  in  the  form  of  quadratic  function  of  the  st.itc 
variables  along  with  the  control  cost  (Miyazawa  1981).  With  this  cost  function  we  c;in 
obtain  the  ordinary  regulator  with  the  state  estimation  by  the  Ktilman  filter.  The  optimal 
control  laws  thus  obtained,  however,  have  the  same  order  as  the  original  control  pl.int. 
Because  the  order  is  too  high  to  implement  into  the  on-board  computer  for  real  time  ctilcu- 
hition,  it  is  necessary  to  reduce  it  by  some  appropriate  order  reduction  method.  We  c;in 
finally  obttiin  the  control  law  of  a  sizable  order.  These  procedures  of  math  modeling  incor- 
portited  with  optimal  control  theory  make  up  the  synthesis  method  for  the  ASE  system 
esttiblished  by  .NAL. 

Besides  these  fundtimental  research  work,  two  representative  theoreticiil  investigations 
were  carried  out  in  Japtin;  the  robust  control  system  design  with  multiple  model  tipproach 
and  the  multi-disciplintiry  optimization  research  using  the  goal  programming. 

2.2  Robust  control  system  design  with  multiple  model  appro.ach 

In  order  to  handle  a  multiple  design  point  problem,  Miyazawa  (1988  1989)  defined  multiple 
models  corresponding  to  each  design  point  with  the  multiple  equations.  Control  law  (T  a 
constant  and  the  same  gain  for  each  model  is  sought  with  the  performance  index  of  the 
summation  for  each  model  weighed  by  the  probtibility.  The  solution  is  obtained  with  the  aid 
of  some  numerical  optimization  method. 


- multi-model  — — O - LQR 


Fig. 3  Airfoil  model  Fig.4  Control  command  rms 

in  incompressible  flow  against  flow  velocity  change 
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As  a  numerical  example,  he  took  a  flutter  control  problem  for  a  trx’o  dimensional  airfoil  in 
incompressible  flow  with  pitching  and  plunging  motion  (Fig.3).  In  this  example,  he  defined 
the  performance  index  to  be  minimized  as  the  sum  of  control  surface  movement  for  four 
different  design  velocities.  The  results  are  shown  in  Fig.4  which  shows  the  control  perform¬ 
ance  v.s.  the  flow  \elocity.  For  comparison,  optimal  control  laws  at  each  different  design 
\elocity  arc  also  shown.  Though  optimal  solutions  give  the  best  performance  at  its  own 
design  velocity  than  any  other  solutions,  it  loses  the  optimally  outside  the  design  velocity. 
On  the  other  hand,  the  controller  designed  by  the  multiple  model  method  uives  reasonable 
performance  o\  cr  a  wide  range  of  flow  velocity.  This  controller  can  be  said  robust,  and  with 
a  sophisticated  computer  aided  design  cnx  ironment,  the  multiple  mode  approach  will  be  a 
more  powerful  approach  to  design  robust  control  systems. 

2.3  Structurc/control  design  synthesis  by  goal  programming 

Another  theoretical  work  related  to  ASE  system  design  is  multidisciplinary  optimization 
work  conducted  by  Suzuki  (1990).  Fig.  5(a)  shows  the  result  obtiiincd  by  LOR  optimal  con¬ 
trol  design  for  the  active  flutter  control  of  a  typical  wing  section.  Though  the  system  is 
stabilized  with  control,  stable  speed  range  is  very  narrow  and  wide  ningc  of  instability  at 
lower  speed  range  is  appearing.  To  obtain  the  wing  which  overcome  this  defects  by  optimal 
parameter  modification  is  the  design  objective 


U/fcu. 

U/bu. 

(a)  Original  system  (b)  Optimized  system 

Fig.5  Eigenvalue  locus  of  closed-loop  system 

Suzuki  treated  a  problem  to  optimize  the  control  system  parameter  and  the  structural 
parameters  simultaneously.  He  placed  the  design  constraints  that  the  closed  loop  system 
should  be  stabilized  in  the  hole  speed  range  below  the  design  speed,  open  loop  systcni  has 
to  he  stable  below  the  speed  not  less  than  the  original  flutter  speed,  the  control  surface 
deflection  should  not  be  too  excessive  and  finally,  the  structural  design  parameters  change 
should  be  minimized.  In  the  goal  programming  the  priority  to  each  restriction  is  first  deter¬ 
mined,  and  thereby  the  restrictions  become  the  objective  function  weighted  according  to  the 
priority.  The  objective  function  is,  then  expressed  as  the  summation  of  the  differences  at 
each  optimization  step  and  minimized.  The  results  of  the  optimization  arc  shown  in 
Fig. 5(b).  The  closed  loop  system  was  stabilized  whole  the  speed  range  below  the  design 
speed  and  the  optimally  modified  wing  was  obtained. 
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3.  EXPERIMENTAL  RESEARCH  IN  WIND  TUNNEL 


3.1  High  aspect  ratio  wing  wind  tunnel  study 

KHl  carried  out  a  wind  tunnel  test  study  of 
active  control  technology  using  a  high  aspect 
ratio  wing  (Horikawa  et  al  1986).  They  de¬ 
veloped  and  constructed  a  flutter  model  incor¬ 
porating  a  miniature  high  performance  electric 
d-c  servo  motor  which  was  installed  near  the 
control  surface.  They  were  able  to  attain  7.5% 
increase  in  flutter  speed  with  the  proper  ad¬ 
justment  of  the  control  gain  as  shown  in  Fig.6. 


o 

(11.6)  o 


- -  Analysis 

(  )  Frequency,  H.t 


The  first  experiment  which  was  done  at  NAL  Fig.6  Flutter  boundary  against  control  gain 
for  validtition  of  the  control  synthesis  method  is  gust  load  alleviation  (GLA)  for  a  rectangu¬ 
lar  cantilevered  wing  (ACT  Study  Group  1984).  The  wing  has  the  first  bending  mode 
separated  from  the  other  higher  modes  in  its  frequency.  The  mathematical  mode!  of  the  total 
order  seven,  therefore,  could  be  represented  only  with  this  first  mode.  The  second  order 

control  law  was  obtained  by  the  order  rcduc- - 

tion.  The  power  spectral  density  of  Fig. 7 

shows  that  the  response  of  the  wing  bending  ^  _ glas  off 

moment  is  greatly  alleviated  with  GLA  system  kjyi  - glas  ON 

engaged.  The  amount  of  the  alleviation  in  this  1 

case  is  45%  in  rms  sense.  The  correspondence  1 

of  the  analytical  expectation  and  the  test  re-  2x10’  •  Experiment  A.  /  Vll 

suits  is  excellent. The  fundamental  validation  1\  /  y  IV - -Analysis 

of  our  control  law  synthesis  method  was  there-  .  I  ,  Va/ 

fore  confirmed  by  this  experiment.  _ 


NAL  moved  to  the  experiment  of  the  wing  of 
the  more  realistic  and  complicated  vibration 
characteristics  (Matsuzaki  et  al  1989).  The 
wing  has  the  same  plan  form  as  the  KHJ  model 
except  for  the  leading  edge  surface  provision. 
The  mathematical  model  has  16th  order  with 
the  first  four  vibration  modes  included.  The 
wing  equipped  with  two  accelerometers  and 
the  strain  gages  for  vibration  sensing.  For  gust 
load  control  we  used  only  the  trailing  edge 
control  surface.  With  the  control  laws  de¬ 
signed,  NAL  was  able  to  alleviate  the  bending 
moment  response  due  to  gust  especially  at  the 
peak  of  the  first  bending  mode  as  shown  in 
Fig.8.  Again  the  analytical  estimation  predicts 
well  the  experimental  results.  The  alleviation 
of  gust  load  with  control  was  25%  rms  (Fig.9). 
These  results  confirmed  again  the  effective¬ 
ness  of  our  synthesis  method. 


FREQUENCY  (Hz) 

Fig.7  PSD  of  wing  root  bending  moment 

I  T”!  •  o  Experiment 

°  Analysis  — I 


-  GLA  ON  _ 
• -  GLA  OFF 


Freq,  Hz 


Fig.8  Bending  moment  frequency  response  due  to  gust 
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Flutter  Onset 


—  - - 

i  Acceleration 


Torsional  Moment 


.M 

Slfeiimttt 


-rrr~-  TE  Control  Surface  Deflection 


- AFC  OFF— - —  AFC  ON  - 

Fig.lO  Time  history  of  flutter  suppressed 


Next  to  GLA  experiment  NAL  treated  the  flutter  control  problem  using  the  same  wing  as 
for  GLA  (Ueda  et  at  1988,  Matsushita  el  al  1989).  The  control  l;iw  designed  could  success¬ 
fully  suppress  the  flutter  as  shown  in  Fig.lO.  The  flutter  onset  indicated  by  the  torsional 
moment  growing  up  is  suppressed  by  activating  the  control  surface.  Using  both  the  leading 
edge  and  the  trailing  edge  control  surfaces  simultaneously  we  were  able  to  succeed  in 
increasing  the  flutter  velocity  by  13%.  The  prediction  in  this  case  was  ahou!  twice  the 
higher  than  the  tested  results.  The  difference  between  the  analytictil  and  tested  results  c;in 
be  attributable  to  the  excessive  estimation  of  the  control  surface  effectiveness  by  the  CFD 
analysis.  It  was  concluded  that  the  synthesis  method  is  effective  for  flutter  control  as  well. 


3.2  Gust  load  allcs  iation  for  a  low  aspect  ratio  wing. 

Another  wind  tunnel  test  was  started  and  is  still  on-going  by  MHl  (Arakawa  et  al  1988). 
They  treated  a  wing  with  a  low  aspect  ratio  of  three  (Fig.l  1).  One  of  the  purposes  of  this 
study  was  to  develop  and  verify  the  analytical  tool  for  an  acroscrvoelastic  system. 

Their  typical  experimental  result  for  gust  response  /  gust  load  alleviation  is  shown  in 
Fig.  12.  They  were  able  to  alleviate  the  response  of  the  wing  due  to  gust  as  both  frequency 
ranges  not  only  at  rigid  motion  hut  also  al  the  elastic  vibration.  They  arc  now  pi, inning  to 
conduct  the  flutter  control  experiment  using  the  same  model. 


Fig.l  1  Low  aspect  ratio  wing  model 


Fig.  12  Frequency  response  of  the  wing 
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3.3  Complete  aircraft  model  ACT  experiment 


Tension  Controlled  Torque  Motor 


The  last  one  of  the  scries  of  wind  tunnel  tests  carried  out  at  NAL  in  the  low  speed  range 
was  for  the  complete  aircraft  model  (Matsushita  et  a!  1990,  Fujii  et  al  1991).  The  model 
was  supported  in  the  wind  tunnel  test  section  with  the  three  degree  of  rigid  motion  freedom 
of  heaving,  pitching  and  yawing  (Fig. 13).  The  .supple  mental  vertical  force  was  supplied  bv 
the  tension  controlled  torque  motor  winding  up  the  model  with  the  constant  forces  through 
the  cable.  The  bending  moment 
responses  at  the  short  period 
mode  as  well  as  at  the  first 
bending  mode  arc  reduced  by 
the  controls.  Table  summarizes 
the  experimental  results  and 
compares  them  with  analytical 
data.  Control  law  A  is  the 
acceleration  feedback,  while,  B 
is  the  acceleration  plus  the 
bending  strain  feedback.  Con¬ 
trol  law  C  was  designed  for  the 
purpose  of  fulfillment  of  gust 
load  alleviation  with  flutter 
margin  augmentation.  The  corre¬ 
spondence  between  the  test  and 

the  analysis  arc  again  fairly  good  so  that  a  synthesis  tool  for  ASE  system  has  c  been 
cstJiblishcd. 

Table  Complete  aircraft  model  ACT  experiment  results 


Fig.l3  Aircraft  model  ACT  experiment  set-up 


Control 

Law 

Feedback 

Variable 

Order 

GLA 

FMA 

Analysis 

Experiment 

Analysis 

Experiment 

Strain 

Energy 

Bending 

Moment 

Accele¬ 

ration 

Velocity 

Increment 

Flutter  Margin 
Incremcni 

A 

a’ 

4 

58% 

93% 

67% 

3% 

X  1.7 

B 

a/Eg" 

4 

68% 

80% 

69% 

5% 

X  1,5 

C 

a 

4 

60% 

— 

— 

18% 

*  a  :  Acceleration  GLA :  Gust  Load  Alleviation 

“  Eg  :  Bending  Strain  FMA  :  Flutter  Margin  Augmentation 


4.  CONCLUDING  REMARKS 

1.  The  control  law  synthesis  method  for  an  acroscrvoclaslic  system  is  basically  established 
in  Japan  by  the  efforts  of  the  laboratory  and  the  manufacturers,  especially  in  the  low  speed 
range.  The  next  step  is  to  extend  the  method  to  the  high  speed  range.  Future  subjects  on  the 
theoretical  side  arc  to  establish  a  method  to  adopt  the  system  robustness  against  its  parame¬ 
ter  uncertainty. 

2.  The  active  acroclastic  control  technology  has  reached  a  mature  situation  by  these  re¬ 
search  efforts,  so  that  now  flight  validation  is  needed  to  provide  the  technology  readiness. 
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3.  Multidisciplinary  optimization  research  should  be  further  pursued  in  order  to  pave  the 
way  for  realizing  the  fully  control  configured  vehicles.  In  this  regards  actir  c  materials, 
adtiptive  structures  ttnd  controlled  structures  will  play  an  important  role. 
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Active  Stabilization  of  a  beam  under  nonconservative  force 


Junji  Tani  and  Yuzhou  Liu 
Institute  of  Fluid  Science 
Tohoku  University 
Katahira  2-1-2,  Aoba-ku 
Sendai,  Japan 


Abstract 

In  this  paper,  the  galloping  behavior  of  the  cantilever  beam  in  an  uniform  smooth  wind 
stream  is  formulated  by  means  of  the  transfer  matrix  method.  Then,  an  optimal  feedback 
gain  matrix  is  designed  by  using  the  optimal  regulator  theory.  As  the  actuator,  a  pair 
of  piezoelectric  columns  is  fixed  between  two  aluminium  plates  in  which  the  cantilever 
beam  is  clamped.  The  characteristics  of  the  flow  around  cantilever  beam  was  examined 
in  an  uniform  smooth  wind  stream.  It  is  found  that  the  self-excited  oscillation  of  the 
cantilever  beam  was  suppressed  sufficiently  by  the  optimal  control. 

1.  INTRODUCTION 

.■kmong  every  kind  of  aerodynaraicUy  unst-ables,  galloping  is  the  typical  one.  It  can  arise 
in  any  lightweight,  flexible  structure  e.xposed  to  a  flow.  A  wide  variety  of  cross  sections, 
including  square,  rectangular,  right  angle,  and  stalled  airfoil,  are  potentially  unstable 
owing  to  aerodynamic  galloping.  The  galloping  unstable  can  produce  large  amplitude 
oscillation  on  the  structure,  and  some  times  it  will  destroy  the  structure.  Therefore,  it  is 
necessary  to  control  the  galloping  unstable. 

In  this  paper,  a  method  for  stabilizing  galloping  unstable  is  reported.  As  an  analytical 
model,  a  cantilever  beam  in  an  uniform  smooth  wind  stream  is  used  and  it  is  formulated 
by  means  of  the  transfer  matrix  method.  Further,  the  optimal  regulator  technique  is 
intruduced  for  determining  the  control  algorithm.  As  the  actuator,  a  pair  of  piezoelectric 
columns  is  used. 

According  to  the  control  algorithm  designed  above,  an  expriment  was  performed  using 
the  low-turbulence  wind  tuimel.  The  characteristics  of  the  flow  around  cantilever  beam 
with  a  square  section  was  examined  in  an  uniform  smooth  wind  stream.  It  is  found 
that  the  self-e.xcited  oscillation  of  the  cantilever  beam  was  suppressed  sufficiently  by  the 
optimal  control.  The  differences  in  flow  characteristics  behind  the  beam  between  with 
and  without  optimal  control  became  clear. 

2.  THEORETICAL  ANALYSIS 

The  analytical  model  is  shown  schematically  in  Fig.  1.  A  pair  of  piezoelectric  devices 
is  fixed  below  the  clamped  end  of  the  cantielever  beam  and  used  as  actuator.  The  moving 
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equation  describing  the  vibration  of  the  beam  in  the  uniform  smooth  wind  stream  can 
be  obtained  in  mode  coordinate  system  by  using  the  treinsfer  matrix  method^'). 

hit)  +  =  i>kHt)  {k=  l,2,---,n)  (1) 

where,  6{t)  is  produced  by  the  effect  of  the  piezoelectric  actuator  as  shown  geometrically 
in  Fig.  1,  c  is  a  constant  which  depends  on  intern2d  damping  of  the  beam  and  velocity 
of  the  wind  stream,  uj\  is  the  natural  angle  frequency  of  the  beam,  q(t)  is  an  unknown 
function  of  time,  and  i*  can  be  determined  by  using  the  natural  vibration  modes  of  the 
beam  and  the  distance  of  two  piezoelectric  actuators. 


Table  1.  Natural  frequencies  of  beam 


Fig.l  Analytical  model  and  coordinate  system 


In  order  to  establish  the  state  equations  of  the  control  system,  a  state  variable  vec¬ 
tor  is  introduced  firstly.  Then  we  can  obtain  a  continuous  time  state  equation.  Further, 
discretizing  the  continuous  time  system  with  a  sampling  interval  AT,  the  difference  equa¬ 
tions  of  the  discrete  time  system  are  given  by 


X[(»  -b  1)AT]  =  AX(jAT)  -b  S«(i AT)  (2) 

y(:AT)  =  CX(tAT)  (3) 

in  which,  Y  represents  the  displacement  of  the  beam  at  the  free  end,  while  u  is  called 
control  input,  the  displacement  of  the  piezoelectric  actuator  and  determinted  by  means 
of  the  digital  optimal  regulator  theory. 

3.  RESULTS  OF  EXPERIMENT  AND  DISCUSSION 

The  equipment  used  in  the  experiment  is  depicted  schematically  in  Fig.  2.  The 
experiment  was  carried  out  by  using  a  wind  tunnel  which  is  set  up  at  the  Air  Current 
Measure  Research  Institution  of  the  Institute  of  Fluid  Sciense,  Tohoku  University.  The 
test  model  is  cantilevered  vertically  in  a  low  turbulent  wind  tunnel,  and  is  made  of 
aluminium  (Young’s  modulus  is  63.18GPa  and  density  is  7.74  x  The  length. 
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width  and  thickness  of  the  beam  are  200mm,  2.4mm  and  2.0mm  respectively.  The 
e.xperimental  and  theoretical  values  of  the  natural  frequency  of  the  cantilever  beam  used 
in  the  experiment  aje  shown  in  Table  1. 


Fig. 2  Schematic  diagram  of  the  experimental  equipment 


In  this  study,  the  velocity  domain  with  the  fundamental  vibration  mode  was  taken 
into  account  only,  because  this  mode  produced  a  large  amplitude  oscillation  compara¬ 
tively.  When  velocity  of  the  wind  was  set  up  C/q  =  8.0m/s,  the  responses  of  the  beam 
displ2u:ement  measured  with  a  laser  sensor  are  shown  in  Fig.  3.  In  this  experiment,  the 
displacement  1mm  was  equivalent  to  the  output  voltage,  0.309K  .  It  is  clear  that  the 
self-excited  oscillation  of  the  beam  is  sufficientlly  suppressed  when  the  control  is  applied. 
In  this  figure,  symbol  f  indicates  the  starting  time  of  the  control. 


Fig. 3  Effect  of  vibration  suppressed  with  the  optimal  control 


Also,  in  order  to  elucidate  how  the  air  flow  is  affected  by  the  structure  vibration, 
we  examined  the  velocity  fluctuating  of  the  wake.  The  output  signal  of  the  fluctuating 
velocities  measured  with  a  hot-wire  anemometer  are  shown  in  Fig.  4.  The  hot-wire 
probe  was  fixed  at  x/L  =  0.05,  and  z/L  =  0.05,  then  it  was  traversed  in  y-direction. 
Here,  r  is  the  distmee  from  the  free  end  of  the  berun.  Without  control,  the  values 
of  the  velocity  fluctuating  became  largely  when  the  probe  was  made  approach  to  the 
beam.  While,  a  peak  value  appeared  in  the  velocity  fluctuating  when  the  probe  came 
to  y/ L  =  0.02,  However,  a  oscillation  with  low  vibration  freqency  appeared  nearby 
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y/L  =  0.02.  The  beam  would  be  induced  to  produce  a  self-excited  vibration  by  this 
oscillation  with  the  low  vibration  frequency.  However,  though  there  was  a  peak  value  in 
the  velocity  fluctuating  at  y/L  =  0.02  same  as  above,  the  vibration  compoents  with  the 
low  freqency  had  disappered  when  the  control  was  applied. 


Fig. 4  Velocity  fluctuation  of  the  wind  stream 


4.  CONCLUSIONS 

In  this  paper,  the  vibration  control  for  a  cantilever  beam  in  an  umform  smooth  wind 
stream  was  carried  out  with  the  optimal  control  and  the  characteristics  of  the  flow  around 
the  beam  was  investigated.  The  results  obtained  are  summarized  as  follows: 

1)  The  self-excited  oscillation  of  the  beam  is  sufficientily  suppressed  by  using  the 
optimal  control. 

2)  The  velocity  fluctuating  of  the  wake  becomes  very  samll  when  the  control  is  applied. 
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ABSTRACT:  A  method  for  determining  the  error  in  measured  modal  parameters  is 
experimentally  investigated  on  a  modally  rich  truss  structure.  Modal  frequency  and 
damping  error  estimates  are  calculated  from  the  statistical  sensitivity  of  a  form  of  the 
Eigensystem  Realization  Algorithm.  Noise  variances  are  estimated  for  the  data  using  the 
frequency  domain  coherence  for  each  input-output  pair.  It  is  shown  that  the  sensitivity  to  a 
given  data  set  can  be  very  low,  even  when  the  sensitivity  remains  high  to  adding  more  data 
to  the  analysis. 


1  .  INTRODUCTION 

To  achieve  high  reliability  from  an  adaptive  structure,  it  may  be  necessary  to  obtain  more  than 
simply  an  accurate,  nominal  modal  of  the  vibration  dynamics.  Structural  controllers  often 
compensate  for  disturbances  whose  temporal  variation  is  not  well  known.  Consequently,  they 
must  rely  on  a  model  of  the  structural  dynamics  to  reject  the  disturbances,  and  can  be  very 
sensitive  to  errors  in  the  model.  To  desensitize  control  laws  to  changes  or  errors  in  the 
structural  model,  experimental  modal  analysis  must  quantify  the  degree  of  uncertainty  in  a 
given  measurement. 

One  method  for  estimating  the  confidence  in  modal  parameters  was  introduced  by  Longman, 
Bergmann,  and  Juang  (1988)  and  Bergmann  and  Longman  (1989).  Their  approach  is  based 
on  the  analytical  perturbation  of  the  Eigensystem  Realization  Algorithm  (Juang  and  Pappa, 
1985).  Since  an  identified  modal  parameter  will  be  a  nonlinear  function  of  the  data  used  in  the 
identification,  it  can  be  expanded  in  a  Taylor  series  in  terms  of  small  noise  perturbations  in  the 
data.  Prior  applications  of  this  method  have  focu.sed  primarily  on  simulated  vibration  data. 
This  paper  presents  an  application  to  experimentally  measured  data,  for  which  several  hundred 
modes  lie  within  the  disturbance  bandwidth. 

2.  THEORETICAL  BACKGROUND 

2 , 1  Eigensystem  Realization  Theory 

The  Eigensystem  Realization  Algorithm  (ERA)  (Juang  and  Pappa,  1985)  can  be  best 
understood  as  a  systematic  curve  fit  of  experimentally  measured  transfer  function  data.  It  is 
systematic  in  the  sense  that  the  order  of  the  model  (the  number  of  parameters  used  in  the  fit)  is 
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a  natural  consequence  of  the  selected  rank  of  the  Hankel  matrix  formed  from  the  data.  The 
assumed  form  of  the  model  is  the  general  discrete  state-space  model: 

a:(/:-rl)  =  A  x(k)  +  B  u(k) 
y{k)  =  C  x(k)  +  D  u(k) 

The  general  response  of  this  model  to  any  input  in  the  convolution  sum: 

k 

yik)  =  ^  M(k-r)  u(r) 

(2) 

in  which  M{i,kj)  is  the  k-th  time  sample  of  the  i-th  measuren.ent  to  a  unit  pulse  applied  to  the 
j-th  input,  and  is  also  called  the  Markov  parameter. 

The  ERA  method  uses  measurements  of  M  to  estimate  {A,  B.C,  D],  The  details  of  this 
computation  are  found  in  Juang  and  Pappa  (1985),  and  are  not  repeated  here.  We  note, 
however,  that  in  all  our  applications  of  ERA,  we  use  a  particularly  efficient  formulation, 
motivated  by  the  Q-Markov  COVER,  which  can  speed  up  the  ERA  calculation  by  a  factor  of 
10  or  more.  This  was  reported  in  Peterson  and  Bullock  (1991 )  and  Peterson  (1992). 

2.2  Error  Analysis  of  the  ERA  Results 

Measurements  of  the  modal  parameters  can  be  derived  from  an  eigenanalysis  of  the  identified 
{A.  B,  C,  D] .  matrices.  For  instance,  the  n-th  modal  frequency  is  given  by 

=  j.  Im  [En(A„)] 

in  which  T  is  the  sample  period  and  X,  is  the  i-th  (complex)  eigenvalue  o'"  A.  In  a  general 
sense,  each  such  p,arameter  can  be  considered  a  function  of  each  data  point  M(i,kJ).  By 
differentiating  the  ERA  computations,  the  following  tnmeated  Taylor  .series  can  be  derived: 

tOn  =  ««  +  X  Z  Z  AM(i,kj) 

i  j  k  dM(i,kj) 

Suppose  that  we  know  the  variance  of  AM  i.k.j)  to  be  e^(i.kj).  Then,  assuming  each 

AM(i.k.j)  is  uncorrelated  from  the  other  data  perturbations,  the  variance  of  the  modal 
frequency  is  given  by 


VA/f  («J  =  XIZ 

.  /  k 

Similar  expressions  can  be  derived  for  modal  damping  and  mode  shapes  (Longman, 
Bergmann,  and  Juang,  1988).  In  addition,  bias  estimates  can  also  be  derived,  although  we  do 
not  consider  these  in  this  paper. 

2.3  Estimate  of  the  Noise  Variance  from  Data 

As  can  be  seen  above,  a  key  to  using  this  error  analysis  procedure  is  to  find  an  estimate  of 
e^t i.k.j).  We  propose  finding  these  estimates  from  the  statistics  of  the  transfer  function 
measurements  themselves.  This  procedure,  presented  in  Bendat  and  Piersol  (1986),  uses  the 
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frequency  domain  coherence  estimate  to  determine  the  statistics  of  the  transfer  function 
estimates. 

Suppose  that  for  the  j-th  input  and  the  i-th  measurement,  we  have  measured  Discrete  Fourier 
Transforms  (DFT): 


fy(/)  =  DFT  [«/*)] 

K(/)  =  DFTLv,a)]  (6) 

Assume  that  our  knowledge  of  both  input  and  measurement  tu-e  corrupted  by  Gaussian  white 
noise  of  unknown  intensity. 

To  estimate  the  corresponding  transfer  function,  form  the  auto  and  cross  spectra  for  these 
siuntils: 


Guy=uy 
Guu  =  u'u 

G,,  =  r-T  (7) 

and  average  these  spectra  over  /ij  uncorrelated  repetitions  of  the  same  experiment.  The 
resulting  smcxtth  estimate  of  the  transfer  function  is 


Hu.= 


G^ 

Guu 


The  coherence  estimate  of  this  transfer  function  is 


rHy- 


GuuG 


uu^yy 


(8) 


(9) 


From  these  estimates,  the  statistics  of  the  transfer  function  can  be  estimated.  In  particular,  the 
variance  of  the  magnitude  of  the  tran.sfer  function  is 


2)tv«<r 


(10) 


To  derive  the  variance  of  the  Markov  parameters  it  is  necessary  to  transfonn  Irom  the 

frequency  domain  variances  at  each  frequency,/,  to  the  time  domain  at  each  time  sample,  k. 
Since  the  Markov  parameters  are  the  inverse  discrete  Fourier  sum  of  the  frequency  domain 
data,  their  vtuiance  is  the  sum  of  the  variance  of  the  magnitude  of  the  transfer  function  over  all 
frequency  samples,  divided  by  the  number  of  samples  squared.  This  variance  is  the  same  for 
all  time  samples  for  a  particular  transfer  function. 

3.  EXPERIMENTAL  APPARATLhS  AND  PROCEDURE 

Our  research  collected  data  from  a  1:10  dynamic  .scale  model  of  an  interferometric  imaging 
telescope. (Figure  1)  This  structure  has  a  triangular  base,  for  which  each  leg  consists  of  1 1 
bays  constructed  from  a  1-foot  long  pyramidal  truss  network.  A  fourth  leg  extends  vertically 
to  above  the  center  of  the  triangular  ba.se  to  form  an  image  collecting  plane.  The  structure  was 
lightly  suspended  during  our  tests  to  simulate  a  free-fiee  condition.  The  damping  levels 
observed  in  this  structure  were  typically  O..*'  %  critical  or  less. 
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Figure  1.  Experimental  test  structure  used  in  this  research 


Pseudo-random  burst  force  inputs  were  applied  using  a  50  pound  modal  shaker  in  three 
orthogonal  directions  from  each  corner  of  the  structure.  The  bandwidth  of  the  synthesized 
force  input  signal  was  sharply  cut  at  250  Hz.  Vibration  measurements  were  collected  at  1 1 
locations  by  piezoelectric  accelerometers  mounted  to  the  nodes  of  the  structure.  The 
accelerometer  signals  were  filtered  and  amplified  by  a  programmable  signal  conditioner.  The 
amplification  gain  factor  was  set  to  use  the  entire  dynamic  range  of  each  sensor  for  a  given 
measurement.  The  signals  were  simultaneously  digitized  with  a  12  bit  analog  to  digital 
converter  at  a  sampling  rate  of  1000  Hz.  Typical  noise  levels  observed  during  the 
measurements  were  approximately  2  to  3  bits  RMS. 

4.  RESULTS 

Figures  2  and  3  present  the  frequencies  and  damping  ratios  identified  for  a  typical  data  set 
analysis.  For  this  analysis,  the  ERA  Hankel  matrix  size  was  1(K)  by  54.  The  identification 
analysis  required  .3  seconds  on  a  Sun  SPARCStation  2,  but  the  errtir  analysis  required  1099 
seconds.  (Note  that  we  use  the  efficient  formulation  of  the  ERA  algorithm  reported  in  Peterson 
(1992).)  The  calculated  standard  deviations  due  to  noi.se  in  the  data  are  also  shown.  Calculated 
variances  for  this  data  set  varied  among  all  the  input-output  pairs,  but  were  typically  10-4 
(m/s2/N)2.  These  noise  levels  correspond  to  appn'  limately  30  mvolts  RMS  in  a  10  volt  full 
scale  measurement. 

As  seen  in  Figure  2,  the  uncertainty  in  the  identitifed  nitxlal  frequencies  is  very  small.  Most  of 
the  modes  are  identified  to  the  same  accuracy,  but  the  higher  frequency  mtxles  are  generally 
identified  better  than  the  low  frequency  modes.  This  is  due  to  the  length  of  the  data  window 
used  in  the  ERA  analysis.  In  Figure  3,  the  standttrd  deviations  of  the  damping  ratios  are 
plotted  as  high  and  low  values  about  a  mean.  Notice  that  the  damping  values  identified  were 
very  high  for  this  identification  analysis. 

Both  the  identified  frequencies  and  damping  ratios  which  are  identified  from  the  data  set 
change  significantly  when  more  data  is  used  in  the  analysis.  For  instance,  when  the  Hankel 
matrix  size  becomes  very  large  (of  the  order  1000  by  5000)  the  modal  damping  ratios 
approach  0.5'7(i  or  less.  Clearly,  the  error  associated  with  noise  in  a  given  data  set  does  not 
predict  the  error  in  the  nominal  measurement  due  to  the  truncation  of  the  data  set.  The 
perturbation  error  analysis  can  measure  the  sensitivity  to  noise  in  the  data  set,  but  it  cannot 
alone  iiKlicate  whether  the  identific,ition  results  will  change  if  more  data  is  added  to  the 
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Figure  2.  Identified  modal  frequencies  and  standard  deviations 
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Figure  3.  Identified  modal  damping  ratios  with  error  bars 
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5.  CONCLUSIONS 

This  paper  presented  an  experimental  application  of  the  perturbation  error  analysis  of  th“ 
Eigensystem  Realization  Algorithm.  Noise  variances  in  the  measured  Markov  parameters  were 
estimated  using  the  coherence  function  for  each  input-output  pair.  It  was  shown  that  the 
frequency  and  damping  errors  due  to  noise  in  a  given  data  set  can  be  significantly  smaller  than 
the  variation  found  when  the  data  set  size  is  increased.  This  means  that  the  error  analysis 
should  be  used  only  when  the  data  set  size  is  of  sufficient  size  to  have  converged  the  identified 
parameters. 

Current  research  is  focusing  on  several  additional  issues.  First,  to  judge  the  precision  of  the 
measured  modal  parameters,  it  is  necessary  to  compare  the  estimated  error  to  the  minimum 
error  bound  given  by  Cramer-Rao  theory  for  unbiased  estimators.  Also,  we  are  investigating 
how  to  quantify  the  sensitivity  to  truncation  in  the  data  set.  Longman,  Bergmann  and  Juang 
(1988)  considered  the  effect  of  truncating  singular  values,  but  assumed  the  data  set  was 
complete. 

The  computational  requirement  is  one  of  the  major  impediments  to  applying  this  approach  in  a 
practical  situation.  For  the  larger  data  set  presented  here,  the  total  identification  and 
eigenanalysis  process  took  only  about  2  seconds  of  CPU  lime,  but  the  variance  calculation 
required  almost  9  hours.  To  improve  this  performance,  we  are  investigating  the  possibility  of 
extrapolating  the  variance  estimates  from  only  a  few  of  the  sensitivities.  The  variance  estimate 
from  the  entire  data  set  can  itself  be  estimated  from  a  randomly  selected  subset  of  data  points. 
This  may  make  practical  the  application  of  perturbation  error  analysis  to  large  data  set  sizes. 
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Abstract.  Often  theoretical  tnodels  are  developed  using  experimental  data  to  estimate 
the  model  parameters  but  an  evaluation  is  not  always  made  of  the  model’s  reliability 
or  robustness.  F2rrors  can  exist  in  the  theoretical  model  for  many  reasons  including 
inarlequate  model  formulation  and  poor  parameter  estimates.  This  paper  investigates 
the  approximation  of  second-orderstatistics  (confidence  regions)  of  parameters  estimated 
using  nonlinear  optimization  schemes  to  evaluate  parameter  reliability.  An  optimal 
set  of  parameters  are  calculated  to  minimize  the  dilTerence  between  theoretical  model 
predicitions  and  experimental  data.  This  metric  was  formulated  in  terms  of  a  weighted 
least  squares  objective  functioti.  A  truss  structure  was  analyzed  to  evaluate  nonlinear 
optimization  and  confidence  region  approximation  techniques.  It  was  found  that  since 
the  truss  model  was  linear  and  parameter  interaction  was  small,  the  confidence  region 
approximations  were  reliable. 


1.  Introdiiotion 

A  rnathematicnl  model  is  only  a.s  good  as  its  estimated  parameters.  The  ability  to 
accurately  model  physical  processes  mathematically  is  vital  in  all  areas  of  scien¬ 
tific  re.search.  In  the  structural  engineering  field,  the  ability  to  predict  a  system's 
behavior  leads  not  only  to  the  efficient  design  of  new  structures,  but  also  to  the 
optimal  operation  and  control  of  existing  ones.  Unfortunately,  an  exact  model  is 
usually  unavailable  and  an  approximate  one  must  be  used.  Model  parameters  are 
typically  determined  by  fitting  the  model  to  experimental  data.  The  procedure  of 
formulating  a  mathematical  model,  estimating  its  parameters,  and  validating  its 
structure  is  referred  to  as  model  identification,  which  can  involve  both  state  and 
parameter  estimation. 

Nonlinear  optimization  schemes  have  become  very  popular  for  use  as  parameter 
estimation  methods.  This  popularity  stems  from  the  fact  that  the  analysis  is  inde¬ 
pendent  of  both  the  model  form  and  the  type  of  experimental  data  available.  The 
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rninimization  of  the  summed  squared  error  between  model  predictions  and  exper¬ 
imental  data  is  commonly  used  ajs  a  criterion  of  optimality.  Least  squares  theory 
states  that  at  the  optimum,  linearized  estimates  of  higher  order  statistics  can  be 
approximated  for  the  estimated  parameters  -  assuming  that  the  measurement  errors 
have  zero  mean,  are  independent,  and  have  constant  variances. 

I'nforturiately,  these  linearization  schemes  provide  reliable  confidence  intervals 
only  when  the  objective  function  is  linear  at  the  optimum.  When  this  is  not  the 
case  the  approximation  schemes  can  provide  confidence  intervals  that  are  severely 
underestimated,  providing  a  false  metisure  of  parameter  reliability.  Several  investi¬ 
gators  have  devised  techniques  to  evaluate  the  objective  function  curvature  (Bates 
and  W'atts  1988). 

This  paper  further  analyzes  the  model  identification  results  achieved  by  Allen 
and  Martinez  (1990)  for  a  tru.ss  structure.  In  this  analysis,  parameter  estimates 
were  found  using  the  MSC/NASTRAN  software  package  for  finite  element  analyses  and 
optimization. 

The  truss  parameters  that  were  estimated,  using  eigenvalue  data,  included 
Young’s  modulus  of  the  members  and  the  stiffness  value  of  the  truss  support  struc¬ 
ture.  Confidence  intervals  for  the  parameter  estimates  are  calculated  using  different 
approximation  schemes.  Reliability  of  these  approximations  with  respect  to  objec¬ 
tive  function  curvature  is  also  discussed. 


2.  Nonlinear  Parameter  Estimation 

Nonlinear  parameter  estimation  schemes  have  been  successfully  used  to  approx¬ 
imate  model  parameters  (Witkowski,1990).  In  this  approach,  the  difference  be¬ 
tween  theoreticai  and  experimental  data  is  minimized.  This  is  done  by  finding  the 
optimal  set  of  parameters  that  “best”  fit  the  experimental  data.  Therefore,  an  ac¬ 
curate  mathematical  model  is  of  primary  importance  to  provide  reliable  theoretical 
predictions.  Otherwise,  an  ill-conditioned  problem  can  be  formulated  or  erroneous 
parameter  estimates  can  be  predicted. 

An  objective  function,  <I>,  is  chosen  to  suitably  measure  the  error  between  the 
model  and  data.  The  choice  of  '!•  must  properly  describe  the  experimental  error 
and  best  utilize  available  measuremeuts.  The  most  commonly  used  formulation  is 
the  method  of  weighted  leeist  squares.  The  objective  function, 

m  n 

.=1 j=\ 

is  chosen  to  be  the  weighted  summed  square  error  between  model  predictions,  i/,j, 
and  experimental  measurements,  i/,j ,  where  m  is  the  number  of  experiments  and  n 
is  the  number  of  observations  per  experiment.  The  model  parameters  are  contained 
within  the  parameter  vector  0.  The  weighting  factors,  Wij,  are  use  to  scale  variables 
of  different  magnitudes  and  to  incorporate  known  information  about  measurement 
uncertainty.  Assumptions  used  in  this  formulation  include  that  the  measurement 
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error  is  normally  distributed  with  zero  mean,  independent,  and  has  a  known  vari¬ 
ances  that  remains  constant.  These  assumptions  are  verified  via  residual  analysis. 
For  an  unconstrained  problem,  an  important  requirement  to  estimate  the  optimal 
set  of  parameters,  0*,  is  that  the  objective  function  have  a  minimum.  Necessary 
and  sulfucient  conditons  for  a  local  minima  to  exist  are  given  in  Ciill,  Murray  and 
right  ( 1981 ).  However,  it  should  be  noted  that  for  parameter  estimate  uniqueness, 
j/;  0*)  must  have  a  global,  not  just  a  local,  minimum.  That  is,  it  should  be 
shown  that  ^{y.  y\  0*)  =  is  convex  in  the  parameter  space  of  interest.  If  this  is 
not  the  case,  a  non-unique  solution  may  be  formed  at  a  local  minimum. 

The  parameter  vector,  0*  ,  is  found  when  the  convergence  criterion, 

<l>(0)-$*<f  (2) 

is  met.  To  evaluate  the  reliability  of  0*.  a  confidence  interval  is  evaluated.  The 
confidence  interval  of  a  parameter  estimate  provides  a  qualitative  assessment  of  the 
reliability  and  precision  of  the  value.  If  a  large  confidence  interval  is  calculated, 
the  reliability  of  the  model's  prediction  is  low.  However,  if  the  parameters  are 
identified  with  high  precision  (i,e.,  small  confidence  intervals),  confidence  in  the 
model's  predictions  is  increased. 

The  confidence  intervals  are  commonly  estimated  by  expanding  <1>  around  its 
minimum  using  a  truncated  Taylor  series, 

<I>(0)si<I»* +q’''\''0H-i(S0^H*.^0  (.3) 

where  (S0  =  0  —  0*  are  the  differences  in  the  parameter  estimates  from  the  op¬ 
timal  values  and  q*,  and  H*  are  the  gradient  and  Hessian  of  4>  evaluated  at  0*. 
respectively.  Since  0*  is  an  unconstrained  optimum  of  <J>, 

<I>(0)  w  <I>* -f  ^/)0^H*(S0  (4) 

Itecaiise  q*  =  0  at  the  optimum.  Fsing  the  convergence  criterion  shown  in  Equa¬ 
tion  2, 

|<50^'H‘f>0[  £  2e  (5) 

where  c  is  defined  as  the  indifference  criterion.  Therefore,  the  “best "  linearized 
confidence  intervals  are  calculated  by  solving  Equation  5.  Because  the  sohition 
to  Equation  5  is  computationally  intensive  and  numerically  unstable,  several  ap¬ 
proximate  schemes  have  been  adopted  with  sittiplified  calculations.  Donaldson  and 
Schnabel  (1987)  evaluated  five  different  methods  to  approximate  confidence  inter¬ 
vals.  Three  variants  of  linearization  schemes,  a  likelihood  method,  and  a  lack-of-fit 
technique  were  analyzed.  The  major  distinction  between  the  linearization  schemes 
and  the  other  two  methods  is  that  the  former  russumes  that  the  nonlinear  function 
can  be  adequately  approximated  by  a  linear  function  at  the  optimum.  Bard  (1974) 
and  Donaldson  and  Schnabel  (1987)  stated  that  the  most  common  approach  used  in 
practice  is  a  linearization  scheme  in  which  the  Hessian  matrix  is  approximated  us¬ 
ing  gradient  information  and  the  interaction  between  parameters  is  neglected.  This 
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approach  is  convenient  because  it  is  computationally  inexpensive  and  numerically 
stable.  'Therefore,  the  confidence  interval  for  parameter  <v  is  calculated  using 


< 


(6) 


where  A  is  an  approximation  to  the  Hessian  matrix  and  is  the  diagonal  element 
corresponding  to  the  parameter  o.  Bard  (1974)  showed  that  the  Hessian  can  be 
approximated  using  the  CJauss  method  by 


where  /,  is  the  observation  and  <7^  is  the  residual  variance.  This  is  considered  a 
good  approximation  if  the  second  derivatives  of  the  model  equations,  which  are  mul- 
tiplied  by  the  estimation  error,  e,  are  small.  Other  approaches  used  to  estimate  the 
covariancf'  matrix  of  0  include:  1)  using  finite  differences  to  approximate  the  Hes¬ 
sian.  A*  =  .s-H“'  and  2)  using  gradient  and  Hessian  data,  Ac  = 
where  .s  is  the  standard  deviation.  The  last  formulation  can  be  obtained  from 
sensitivity  analysis. 

If  the  residual  variance  is  unknown  in  Equation  7,  and  no  replicated  data  is 
available,  it  is  typically  estimated  by  dividing  the  sum  of  squares  of  the  residuals 
by  the  nimdier  of  degrees  of  freedom. 


1 

n  -  I 


(8) 


where  /  is  the  number  of  unknown  parameters. 

Tor  a  specified  confidence  level  7,  linear  least  squares  theory  states  that  the  joint 
confidence  regit^n  is 

F, (9) 

in  which  Fi  is  the  F’-statistic  with  I  and  n  —  l  degrees  of  freedom  (Bates  and 

Watts  1988).  Whereas,  if  the  parameters  are  assumed  independent,  the  marginal 
confidence  interval  is 

^0„  <  (Vc„)^  .s  (10) 

in  which  i_a.  is  the  t-statistic  with  n  —  l  degrees  of  freedom  (Bates  and  Watts 
1988).  The  population  standard  deviation,  s,  is  approximated  by  the  sample  a. 
The  covariance  matrix  is  defined  as 

V0  =  £:(^©*,i50*'")  (11) 

where  E{  )  is  the  operator  of  mathematical  expectation.  The  covariance  matrix  is 
commonly  approximated  by 


Vq^H* 


(12) 
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The  matrix  V q  contains  all  of  the  correlation  information  between  parameters. 
The  diagonal  elements  estimate  the  parameter  variances  and  the  off-diagonals  esti¬ 
mate  their  covariances  which  determine  the  parameter  interaction.  If  the  parameter 
interdependicies  are  large,  reparameterization  schemes  are  often  used  to  minimize 
this  effect  (Ratkowsky  1983).  The  Gauss  approximation  is  typically  considered  a 
good  estimate  unless  the  curvature  at  the  optimum  is  large.  Bates  and  Watts  ( 1988) 
suggested  methods  to  measure  the  curvature,  or  the  nonlinearity  of  the  objective 
function,  to  cissess  the  accuracy  of  the  linearization  approximations. 


Figure  1:  The  Truss  Structure 
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3.  Truss  Structure  Desc.ription 

Kigurc  1  sliows  the  truss  strurture  which  was  analyzed.  T'he  truss  was  designed 
.uid  constructed  to  liave  linear  characteristics.  The  truss  structure  is  made  of 
polycarlxuiate  one  inch  diameter  tubing.  The  truss  has  one  foot  cubic  bays,  which 
are  assembled  with  the  tulies  bonded  to  polycarbonate  corner  blocks.  The  truss 
is  mounted  on  a  2000  iiound  inertial  mass,  which  is  supported  on  airbags.  Finite 
element  modeling  of  the  truss  and  airbags  was  straightforward,  since  the  geometry 
and  load  paths  vvt're  well  defined. 


4.  Model  Analysis 

rile  NASTRAN  mculel  of  tlie  truss  contained  two  unknown  parameters,  Young's 
modulus,  L\  and  the  air  liag  support  stiffness.  A'.  Since  the  restrictions  of  NASTRAN 
I'rohibited  optimization  on  material  proj)<>rties  directly,  properties  that  were  speci¬ 
fied  on  the  element  definition  cards  were  u.sed.  Therefore,  £’  and  A’  were  indirectly 
changed  through  the  use  of  two  normalized  parameters,  a  and  id.  These  parameters 
were  estimated  using  a  nonlinear  optimization  approach  described  above  (NASTRAN 
uses  a  modified  method  of  fea.sible  directions  approach).  A  weighted  least  squares 
formulation  of  the  objective  function  was  used  to  compare  the  theoretical  model 
predictions  and  experimental  data.  Normalized  parameter  values  were  used  to  elim¬ 
inate  any  scaling  difficulties  that  could  cause  problems  in  the  optimization  routine. 
■Also,  the  ob  jective  functions  were  formulated  such  that  normalized  frequencies  were 
used. 

Three  different  sets  of  data  combinations  were  used  to  estimate  the  structure's 
parameters  and  their  uncertainties.  The  first  dataset  included  seven  elastic  modes 
(iiKules  2-?S),  the  second  introduced  one  ‘‘bounce"  mode  (mode  1)  in  place  of  the  last 
elastic  mode  (mode  S),  and  the  last  set  contained  only  one  bounce  (mode  1)  and 
line  ebu'tic  (mode  2).  Tabli-  1  .--hows  I  he  experimental  observations  and  the  resulting 
natural  frequencies  of  the  identified  .system  for  each  of  the  datasets  (cases  1-3).  All 
of  the  data  sets  (irovided  significant  information  to  accurately  predict  the  modal 
frequencies  with  maximum  error  less  than  2.3%.  Resulting  parameter  estimates 
are  shown  in  lable  2  where  hn  and  fid  are  deviations  from  the  mean  value  of  o 
and  A  respectively.  Marginal  confidence  intervals  (95  percentile)  are  given  for  each 
parameter  ba.sed  on  Fquation  10. 

As  expected,  when  using  the  first  data  set  the  normalized  support  stiffness,  d. 
was  not  identified  with  great  confidence  (0.923  ±  0.265).  This  is  because  the 
[larameter  was  not  highly  sensitive  to  the  elastic  frequencies.  However,  when  mode 
I  w.as  added  to  the  data  set  (ra.se  2)  d  was  accurately  identified.  Ca,se  3  was  analyzed 
to  see  if  one  bounce  and  one  elastic  mode  contained  suffirient  information,  which 
they  did,  to  identify  the  parameters.  Even  the  predicted  frequencies  for  the  data 
not  used  specifically  in  the  regression,  compared  extremely  well  to  experimental 
values 
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As  can  ho  soon,  Ihe  parameter  estimates  were  nearly  identical  for  each  of  the 
three  data  sets.  'Fhe  choice  of  the  the  covariance  approximation  did  not  make  a 
significant  difference  either.  This  was  because  the  problem  was  linear. 

The  marginal  confid  '  intervals  shown  in  Table  2  are  based  only  on  the  indi¬ 
vidual  parameter,  not  a  joint  probability  region  as  in  Equation  9.  Therefore,  using 
Flquation  10  to  estimate  a  joint  confidence  region,  using  a  rectangular  approxima¬ 
tion,  typically  underestimates  the  theoretical  confidence  region  (Himmelblau  1980, 
Rates  and  Watts  1990)  especially  if  there  is  any  parameter  interaction.  The  joint 
confidence  region  for  case  2  (Aa)  is  defined  by 

O..1466o^  -  0.1266O  «Sd-|- 1.676/f2  <  1.70e-3  (13) 

when'  and  are  deviations  from  the  nominal  value  of  o  and  /?,  respectively. 
Figure  2  shows  both  the  marginal  confidence  intervals  (represented  by  straight 
dashed  lii\es)  and  the  joint  confidence  region  (repre.sented  by  the  ellipsodial  solid 
line).  The  shadowed  region  is  the  estimated  joint  confidence  region  approximated 
using  the  marginal  confidence  intervals.  Note  how  this  approximation  severely 
underestimates  the  confidence  in  ft. 


Figure  2:  Marginal  and  Joint  Confidence  Regions  for  Case  2 

A  singular  value  decomposition  (SVD)  (Strang  1988)  of  the  covariance  matrix 
was  used  to  further  assess  the  influence  of  the  parameter  interaction  on  the  con¬ 
fidence  interval  approximation.  The  He.ssian  matrix  was  used  to  approximate  the 
covariance  matrix.  Since  H  is  symmetric  and  positive  definite,  the  matrix  factor¬ 
ization, 

H  =  Q,EQJ 

decomposes  H  into  Qj  =  Q2  that  contain  the  eigenvectors  of  HH^  and  the  diagonal 
matrix  E  that  contains  the  singular  values  («t,  ).  The  singular  values  ar  liie  square 
roots  of  the  nonzero  eigenvalues  of  H^H.  This  information  defines  a  hyperellipsoid, 
corresponding  to  an  unsealed  confidence  region,  whose  axes  positions  are  described 
by  the  eigenvectors  of  Q;  and  relative  axes  lengths  are  determined  by  1/^^.  For 
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case  2,  the  eigenvectors  are 


Q. 


and  the  singular  values  are 


0.999  -0.046 
0.046  0.999 

■  2.94  0 

0  0.or>0 


(14) 


(15) 


It  is  seen  that  there  was  not  significant  interaction  between  the  parameters  since 
Qi  is  essentially  diagonal. 

The  fact  that  the  problem  was  cpiite  linear  and  the  (parameter  interaction  was 
low  made  the  confidence  Interval  approximation  quite  good.  Figures  5  and  4  show 
the  sum  of  squares  contours  for  cases  2  and  3  over  the  parameter  space.  The  sum 
of  squares  were  also  elliptical  for  case  1,  however,  they  were  very  elongated  since 
the  sensitivity  of  6  was  smaller  than  that  for  a.  It  is  evident  that  the  nonlinearity 
is  small  since  the  contours  are  quite  elliptical  or  circular.  This  indicates  that  the 
linear  approximations  using  the  joint  probabilities  will  give  reasonable  estimates 
for  the  confidence  intervals  in  this  problem. 

An  analysis  of  the  residuals,  difference  between  predicted  and  fitted  values,  is 
commonly  used  to  see  qualitively  how  the  model  and  data  met  the  assumptions 
of  the  measurement  errors  having  a  zero  mean,  being  independent,  and  having 
constant  variance.  Checking  the  residuals,  values  were  scattered  randomly  around 
a  zero  mean  without  any  bias,  thereby  verifying  all  of  these  assumptions. 


5.  CONCLUSIONS 

This  paper  demonstrates  that  the  nonlinear  optimization  approach  to  parameter 
estimation  is  a  flexible  and  effective  method.  Although  computationally  intensive, 
for  large  problems,  this  method  lends  it.self  to  a  wide  variety  of  analytical  model 
formulations  and  can  provide  an  assessment  of  the  uncertainty  of  the  parameter 
estimates.  Other  factors,  such  as  measurenient  error  distributions  and  instrumen¬ 
tation  reliability  can  be  incorporated  into  the  estimation  procedure. 

An  analysis  of  a  truss  structure  was  performed  to  evaluate  the  estimation  scheme. 
The  truss  structure  was  easily  modeled  via  a  finite  element  model  using  NASTRAN. 
Parameter  estimation  was  u.sed  to  identify  two  crucial  parameters  yielding  a  modpl 
that  gave  excellent  results.  Since  the  model  was  linear  and  accurate,  and  the 
parameter  interaction  was  negligible,  the  linearization  schetnes  \ised  to  approximate 
the  confidence  intervals  worked  well. 
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Talilt'  1:  Truss  l.f'ast  Squares  Paraiiiefor  Estimation  FTesiills:  'Theoret iral 

xerst’s  Experimental  Frequencies  (*  Itulirat.e  Rej^ressor  Varialiles  for  Klach  Case) 


Tal)le  2:  Truss  Weijrhted  I.east  Scpiares  Paramet('r  Estimation  Results:  Parameter 
Estimates  and  Marginal  ( 'cuifidence  lnt('rvals  Esing  d'hree  Different  Approximation 
Schemes  for  A. 


a 

±8o 

3 

A„ 

0.781 

0.0188 

0.925 

0.265 

(  'ase  1 

Aft 

0.781 

0.0100 

0.925 

0.267 

(.s-  =  l,46E-4) 

A. 

0.781 

0.0190 

0.925 

0.269 

A„ 

0.785 

0.0184 

0.909 

0.0405 

Case  2 

Aft 

0.785 

0.0188 

0.909 

0.0420 

(.s2  =  1.47E-4) 

A. 

0.785 

0.0182 

0.909 

0.0458 

A. 

0.778 

0.00966 

0.899 

0.00898 

Case  fi 

Aft 

0.778 

0.00966 

0.899 

0.00917 

(s-  =  7,22E-6) 

A. 

0.778 

0.00966 

0.899 

0.00957 

I 
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ABSTRACT:  This  paper  previews  results  from  a  two-year  study  to  develop 
methods  for  evaluating  the  predictive  accuracy  of  structural  dynamic  models. 
A  model  uncertainty  database  has  been  compiled  from  correlated  sets  of  modal 
analysis  and  test  data.  It  is  used  to  assess  the  predictive  accuracy  of  other 
structural  models  belonging  to  the  same  generic  categories.  Results  in  the  form 
of  interval  predictions  on  frequency  response  amplitude  and  phase  Air  a 
deployable  truss  beam  are  compared  with  actual  test  data.  The  test  data  are 
shown  to  fall  within  the  intervals  of  predictive  accuracy. 


1.  INTRODUCTION 

Structural  dynamic  models  are  used  in  a  wide  variety  of  applications  including 
design  verification,  test  support,  flight  luad  prediction,  and  in— flight  control.  These 
models  offer  what  may  be  called  "point  prediction"  in  the  sense  that  the  models, 
which  are  themselves  deterministic,  yield  deterministic  response  when  acted  upon 
by  deterministic  inputs.  Occasionally,  stochastic  inputs  are  applied  to  yield 
stochastic  response.  In  this  case,  response  may  be  expressed  in  terras  of  response 
intervals,  e.g,  the  mean  plus  or  minus  one  standard  deviation.  Rarely  is  the  model 
itself  considered  to  be  stochastic  |e.g.  Pannossian,  (1988)].  In  practical  applications, 
model  uncertainty  is  accounted  for  either  by  perturbing  selected  model  parameters, 
or  by  adjusting  input  levels  in  an  attempt  to  offset  model  uncertainty.  Heretofore, 
there  have  been  no  general  tools  for  objectively  evaluating  the  effects  of  model 
uncertainty  on  response  predictions. 

The  problem  lies  in  acquiring  and  processing  the  data  necessary  to  quantify 
model  uncertainty.  Attempts  have  been  made  to  express  model  uncertainty  in 
terms  of  design  parameters  r.o  the  finite  element  level,  such  as  material  properties 
and  loca’  geometry.  However,  it  is  not  practically  feasible  to  gather  sufficient  data 
at  this  level  because  of  the  diversity  of  materials,  shapes,  sizes  and  methods  of 
fabrication.  Other  attempts  have  been  made  to  gather  data  at  the  modal  level. 
These  data,  however,  have  been  limited  to  modal  frequencies  and  damping.  Mode 
shape  data  have  not  been  used,  possibly  because  a  means  for  homogenizing  the  data 
has  not  been  apparent. 
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2  MODEL  UNCERTAINTY 

Model  uncertainty  is  herein  defined  as  the  difference  between  analysis  and  test 
results.  It  is  expressed  in  terms  of  modal  parameters  with  two  distinct  advantages: 
(1)  data  are  readily  available  with  which  to  quantify  the  uncertainty  of  modal 
parameters,  and  (2)  model  uncertainty  expressed  in  terms  of  modal  parameters  is 
easily  propagated  through  a  model  to  assess  predictive  accuracy.  This  paper 
describes  a  recently  completed  effort  to  develop  generic  uncertainty  models  from 
prior  analysis  and  test  experience,  and  apply  them  to  evaluate  the  predictive 
accuracy  of  other  models  [Hasselman  and  Chrostowski  (1991)]. 

Modal  mass  and  stiffness  uncertainty  are  derived  form  the  differences  between 
analysis  and  test  eigenvalues,  ’’A  and  A,  respectively, 

AA  =  A  -  “A 

and  the  cross— orthogonality  between  the  corresponding  analysis  and  test  eigenvec¬ 
tors,  '-'6  and  <?, 

'’M<^  =  Tp 

where  AA,  °A  and  A  are  diagonal  matrices,  °(p  and  (p  are  rectangular  matrices,  and 

'^M  is  the  analytical  mass  matrix.  Differences  in  the  modal  mass  and  stiffness 
matrices  based  on  perturbation  analysis  [Hasselman  and  Chrostowski  (1991)]  are 
found  to  be 


Am  =  (I  —  v))  +  I  —  tp)^ 

Ak  =  AA  +  °A  (I  -  ^)  +  (I  -  “A 

The  difference  in  modal  stiffness  is  placed  in  dimensionless  form  by  dividing  by 
frequency  squared,  where  =  oA. 

Ak  =  otj-i  AA  oo;-' 

The  difference  in  modal  damping,  A^,  is  placed  in  dimensionless  form  by  dividing 
by  frequency. 


A(  =  (2  A^  (2  ocj)-' 

The  diagonal  elements  of  ^  and  (  are  related  as 

^j.i  nil 

The  modal  differential  mass,  stiffness  and  damping  matrices  are  then  vectorized  by 
the  operation 
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Af  = 


’  Vec  (Am) ' 

■  Vec  (Ak)  ■ 
Vec  (AC) 


where  Vec  (Am)  is  a  vector  containing  all  of  the  upper  triangular  elements  of  the 

differential  modal  mass  matrix,  Am,  and  similarly  for  Ak  and  At*.  A  covariance 
matrix  of  this  composite  vector  is  then  computed  as 


N 

S”  =  E  [ArAf'^]  =  ^  ^  [AfAf'^]^ 

1 

for  N  generically  similar  structures. 

Covariance  matrices  for  four  generic  categories  of  model— structure  combinations 
have  been  derived:  (1)  Research  Models  of  Large  Space  Structures  (LSS),  (2) 
Pretest  Models  of  Conventional  Space  Structures  (CSS),  (3)  Posttest  Models  of 
Conventional  Space  Structures,  and  (4)  Combined  Categories  (1)  -  (3).  Singular 
value  decomposition  was  performed  on  all  four  covariance  matrices  yielding  the 
eigenvalues  shown  in  Table  1.  The  number  of  non  zero  eigenvalues  corresponds  to 
the  number  of  model-structure  combinations  in  the  respective  database.  The  sum 
of  eigenvalues,  equal  to  the  trace  of  the  matrix,  is  a  measure  of  the  total  uncertainty 
reflected  in  that  database.  Posttest  CSS  models  are  thereby  shown  to  have 
approximately  half  the  uncertainty  as  pretest  CSS  models. 


3.  RESPONSE  UNCERTAINTY 

The  covariance  matrix  of  model  uncertainty  for  large  space  structures  was 
applied  to  a  finite  element  model  of  the  NASA  Mini— Mast  structure  shown  in 
Figure  1  [Pappa,  et.  al.,  (1989)].  In  this  example,  modal  damping  is  assumed  to  be 
lognormally  distributed  with  a  standard  deviation  of  0.176  on  log  (,  where 

lOo  ns  —  15  interval  of  ±  la  on  log  (  then  corresponds  to  the  interval  [°(/1.5, 

X  1.5]  on  ^  where  is  the  nominal  value  of  modal  damping.  The  frequency 
response  at  Node  14  in  the  Y  direction  due  to  force  applied  at  Node  23  in  the  Y 
direction  is  shown  in  Figure  2.  The  left  side  of  Figure  2  shows  plots  of  amplitude 
and  phase  as  functions  of  frequency.  The  nominal  (analytically  predicted)  FRF  is 
indicated  by  the  small  "o"  symbols.  Uncertainty  intervals  of  ±  la  are  indicated  by 
the  vertical  dashed  lines.  The  range  of  frequencies  is  from  0.5  Hz  to  5.5  Hz.  This 
range  includes  two  visible  poles  (resonances)  and  zeros  (anti— resonances).  Actually, 
an  additional  pole  and  zero  occur  near  the  first  resonance  because  of  two  closely 
spaced  modes  in  the  X  and  Y  coordinate  directions.  However,  these  characteristics 
are  not  discernible  in  the  plots. 

Two  different  methods  are  used  for  computing  the  uncertainty  intervals.  Linear 
covariance  propagation  is  used  when  the  excitation  frequency  is  not  near  a  pole  or 
zero.  With  "u"  denoting  response  in  terms  of  log— amplitude  and  phase,  the 
covariance  matrix  of  response  is  given  by 

e  =  T  -  S--  T 

‘-’uu  ur^rr  ^ur 
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Table  1 .  Non-zero  Eigenvalues  of  Modal  Mass 
and  Stiffness  Covariance  Matrices 


LSS 

CSS 

No. 

Research 

Pretest 

— 

Models 

Models 

1. 

0.570 

0.933 

2. 

0.337 

0.293 

3. 

0.226 

0.171 

4. 

0.125 

0.075 

5. 

0.089 

0.043 

6. 

0.030 

0.022 

7. 

0.010 

8. 

9. 

10. 
11. 
12. 

13. 

14. 

15. 

16. 


CSS 

Posttest 

Models 

LSS  &  CSS 
Combined 
Models 

0.582 

0.599 

0.059 

0.125 

0.047 

0.120 

0.028 

0.110 

0.014 

0.069 

0.003 

0.058 

0.001 

'0.032 

0.024 

0.024 

0.016 

0.010 

0.006 

0.005 

0.004 

0.004 

0.002 


17.  O.OOl 

18.  *111656  singular  values  were  0.000* 

19.  smaller  than  0.001  but  0.000* 

20.  non  zero.  0.000* 

Trace  1.347  1.547  0.734  1.210 


Figure  1 .  NASA  Mini-Mast  Structure. 


where  T^-  is  the  derivative  matrix,  5u/3r. 


Linear  covariance  propagation  breaks  down  near  the  poles  and  zeros  because  the 
derivatives  of  amplitude  and  phase  with  respect  to  modal  mass  and  stiffness  become 
very  large.  A  different  method  is  needed  to  evaluate  uncertainty  intervals  near 
these  frequencies.  Fuzzy  sets  offer  an  alternative  to  random  variables  for  repre¬ 
senting  uncertainty  fKlir  and  Folger,  (1988)].  Whereas  the  uncertainty  of  a  random 
variable  is  measured  in  terms  of  probability,  the  uncertainty  of  a  fuzzy  variable  is 
measured  in  terms  of  possibility.  Fuzzy  set  methods  can  be  used  to  bound  response 
uncertainty  near  the  poles  and  zeros  of  an  FRF.  Thus,  whereas  the  uncertainty 
intervals  obtained  from  linear  covariance  propagation  tend  to  diverge  near  poles  and 
zeros,  the  possibility  intervals  obtained  from  fuzzy  set  analysis  are  meaningful. 

The  uncertainty  intervals  shown  in  Figure  2  which  are  near  the  frequencies 
associated  with  poles  or  zeros  are  possibility  intervals  derived  form  the  Vertex 
Method  of  fuzzy  sets  [Dong  and  Shah,  (1987)].  When  a  function,  such  as  FRF 
amplitude  or  phase,  is  continuous  in  parameter  space  and  no  extreme  point  exists  in 
this  repon  (including  the  boundaries),  then  the  possibility  interval  (upper  and  lower 
bound^  of  response  is  obtained  by  evduating  all  possible  combinations  of  the  upper 
and  lower  bounds  of  the  parameter  intervals.  Each  combination  of  parameter  values 
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corresponds  to  a  vertex  of  a  rectangular  parallelepiped  in  the  n-dimensional 
hyperspace  defined  by  n  parameters,  hence  the  name  "Vertex  Method."  In  this 
application  of  the  Vertex  Method,  however,  extreme  points  do  occur  within  the 
parameter  space  defined  by  parameter  intervals.  They  must  be  located,  evaluated 
and  then  combined  with  response  at  the  vertices  when  determining  the  possibility 
intervals  of  response.  Various  search  techniques  have  been  employed  for  this 
purpose. 

The  ±  1  cr  response  intervals  near  poles  and  zeros  have  a  different  meaning  than 
the  ±  1(7  response  intervals  away  from  poles  and  zeros.  In  the  case  of  linear 
covariance  propagation,  the  uncertainty  intervals  reflect  the  nominal  response  ±  one 
standard  deviation  (assuming  a  log-normal  distribution  on  amplitude).  In  the  case 
of  the  Vertex  Method,  the  uncertainty  intervals  reflect  upper  and  lower  bounds 
based  on  ±  Itr  parameter  intervals. 

Distributions  of  log— amplitude  and  phase  are  shown  in  Figure  3.  These 
correspond  to  the  selected  frequencies  inciicated  on  the  FRF  plots.  They  were 
obtained  by  Monte  Carlo  simulation,  assuming  a  multivariate  normal  distribution  of 
the  modal  parameters.  The  LSS  covariance  matrix,  S”,  was  first  diagonalized; 

then  the  resulting  generalized  parameters  with  variances  given  by  the  eigenvalues  of 
Sp;:  were  treated  as  independent  normally  distributed  random  variables  for  purposes 

of  the  Monte  Carlo  simulation.  The  resulting  distributions  are  scaled  to  a 
maximum  value  of  unity. 

The  distributions  are  seen  to  be  consistent  with  the  response  intervals  shown  on 
the  FRF  plots.  The  distribution  of  log— amplitude  near  the  poles  and  zero  tend  to 
be  skewed  in  the  positive  direction.  The  phase  distributions  tend  to  be  bimodal 
with  modes  occurring  near  0  or  180  degrees,  where  most  of  the  response  tends  to 
cluster.  Phase  distributions  away  from  poles  and  zeros  tend  to  be  nearly  delta 
functions  at  either  0  or  180  degrees.  The  distributions  of  log— amplitude  away  from 
the  poles  and  zeros  were  expected  to  be  more  nearly  Gaussian,  based  on  earlier 
results  for  a  single— degree— of— freedom  model,  which  indicated  that  the  distributions 
of  log— amplitude  off  resonance  tended  to  be  Gaussian  [Hasselman  and  Chrostowski 
(1989)].  In  this  case  the  distributions  tend  to  be  negatively  skewed  to  the  left  of 
resonance,  and  positively  skewed  to  the  right  of  resonance. 


4.  CONCLUSIONS 

The  predictive  accuracy  of  a  structural  dynamic  model  of  a  truss— type  space 
structure  has  been  evaluated  on  the  basis  of  actual  analysis  and  test  experience 
derived  from  other  structures.  This  is  believed  to  be  the  first  time  such  an 
evaluation  has  been  made.  Similar  efforts  in  the  past  have  limited  model  uncer¬ 
tainty  to  uncorrelated  modal  frequency  and  damping  parameters.  This  effort 
considers  the  correlated  variabilities  of  all  modal  mass  and  stiffness  matrix 
elements,  as  well  as  modal  damping. 

The  analysis  utilizes  a  database  compiled  from  twenty— two  analysis/test  data 
sets.  These  data  sets  are  partitioned  into  three  generic  categories  representing  both 
pretest  and  posttest  models  of  conventional  space  structures,  and  research  models  of 
large  truss-type  space  structures.  The  statistics  of  these  three  data  sets  were 
compared  with  each  other  and  with  those  of  the  combined  data  set.  The  data  set 
for  large  space  structures  is  used  in  the  present  example. 


RELATIVE  FREQUENCY  OF  OCCURRENCE  RELATIVE  FREQUENCY  OF  OCCURRENCE 
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Figure  3.  Distributions  of  Log-amplitude  and  Phase  at 
the  Selected  Frequencies  Shown  in  Figure  2. 
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Three  methods  for  evaluating  predictive  accuracy  were  employed,  including  a 
linearization  method,  a  fuzzy  set  method  and  a  numerical  simulation  method.  The 
linearization  method  is  appropriate  to  use  at  frequencies  which  are  not  close  to  poles 
or  zeros.  The  fuzzy  set  method  is  appropriate  to  use  near  poles  and  zeros,  but 
impractical  to  use  elsewhere.  Numerical  simulation  can  be  used  anywhere  but  is 
computationally  expensive.  Nevertheless,  it  serves  as  a  good  check  on  the  other  two 
methods,  and  provides  distributions  of  response. 

The  data  and  methods  introduced  here  should  be  useful  in  the  design  of  control 
systems  for  large  flexible  space  structures  where  a  trade-off  is  made  between 
performance  and  robustness.  The  ability  to  realistically  quantify  the  predictive 
accuracy  of  structural  dynamic  models  should  enable  control  system  designers  to 
avoid  unnecessary  conservatism,  thereby  enhancing  performance. 
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Abstract.  Optimal  passive  and  active  damping  control  can  be  considered  in 
the  context  of  a  general  control/structure  optimization  problem.  Using  a  mean 
square  output  response  approach,  it  is  sliown  how  an  optimal  mix  of  active  and 
passive  elements  can  be  determined  for  a  flexible  structure  along  with  the  optimal 
structural  elements. 


1.  INTRODUCTION 

Hecau.se  of  the  low  inlierent  damping  of  the  typical  large  flexible  structure,  some 
form  of  vibration  control  methodology  is  necessary  to  reduce  the  vibration  response 
to  an  acceptable  level.  Ihe  control  community  has  traditionally  addressed  this 
problem  from  an  active  control  viewpoint,  and  has  proposed  a  multitude  of  mathe¬ 
matical  techniques  for  solving  this  difficult  feedback  control  problem.  While  elegant 
in  their  mathematics,  these  analyses  often  show  little  consideration  for  the  ma.ss. 
cost,  and  reliability  of  the  hardware  required  for  these  control  strategies  An  al¬ 
ternate  approach  to  active  vibration  control  is  to  implement  vibration  suppression 
through  some  type  of  passive  means.  Passive  schemes  have  a  long  history  of  u.se 
duo  to  their  reliability  and  effectiveness.  See  c.g..  McLaughlin. 

riie  question  which  we  address  in  this  paper  is  the  determination  of  the  optimal 
combination  of  active  and  passive  techniques  for  a  structure  to  use.  In  previous 
work,  the  authors  have  proposed  a  stochastic  approach  to  optimal  control/structure 
design  whereby  the  optimization  problem  is  to  find  a  minimum  weight  structure 
subject  to  fixed  output  constraints  and  to  fixed  control  energy  constraints  (see 
Slater(88),  McLaren(90)).  The  structure  configuration  as  well  as  the  controller 
structure  is  assumed  to  be  specified.  For  example,  in  a  perfect  information  envi¬ 
ronment,  a  full  state  controller  yields  the  best  controller  performance,  and  hence 
the  minimum  weight  structure  (assuming  a  fixed  controller  mass. 

If  feedback  is  restricted  to  outputs,  either  with  or  without  additional  measure¬ 
ment  noise,  then  the  control  structure  can  be  modified  to  a  direct  output  feedback, 
or  filter  feedback  form.  Using  this  approach  one  can,  for  example,  determine  the 
mass  reduction  possible  through  additional  sensors. 

Our  approach  to  include  passive  control  is  to  consider  the  passive  damper  as 
a  special  type  of  output  conuoller.  For  example,  a  linear  dashpot  is  an  element 
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which  generates  a  force  opposing  relative  motion  between  two  connected  locations. 
This  can  be  considered  as  an  output  controller,  where  the  controller  gain  is  the 
damping  coefficient  Eussociated  with  that  element.  The  task  required  to  complete 
the  optimization  is  a  difficult  one.  If  we  are  attempting  to  minimize  the  total 
mass  of  the  structure,  we  must  first  ascertain  the  mass  penalty  associated  with  the 
controller  (either  active  or  passive).  In  fact,  we  are  in  no  position  to  answer  that 
question  completely  in  this  paper.  Rather  our  approach  will  be  to  consider  the 
problem  parametrically,  so  that  sensitivities  of  the  optimal  solution  to  component 
masses  can  be  ascertained.  The  actual  optimum  can  be  obtained  when  appropriate 
information  is  available  to  the  designer. 

2.  MATHEMATICAL  FRAMEWORK  FOR  CONTROL/STRUCTURE 
OPTIMIZATION 

I  ho  approach  taken  in  this  analysis  is  to  consider  the  structure  from  a  dynamic 
response  point  of  view.  We  assume  that  the  fundamental  structural  constraint  is 
to  support  a  load,  or  to  hold  various  sub-system  components  (experiments,  etc.) 
togetlier  to  a  required  degree  of  accuracy  iti  the  presence  of  some  form  of  excitation, 
file  effect  of  the  control  system  on  this  design  problem  is  to  effect  a  trade-off  to 
reduce  the  effect  of  flexibility.  As  the  structure  is  made  lighter  and  more  flexible, 
the  control  system  can  be  used  to  reduce  deflections  and  stresses  to  acceptable 
levels. 

The  mathematical  approach  taken  to  quantify  the  control-structure  relationship 
is  to  initially  regard  the  controller  structure  as  fixed  and  satisfying  certain  control 
magnitude  constraints,  which  for  this  analysis  will  be  aissumed  to  be  a  mean  square 
control  energy  bound.  Similarly  the  external  force  environment  on  the  structure 
is  known  and  is  assumed  to  be  stochastic  with  known  mean  square  energy  and 
spectrum.  Within  thi.s  framework  the  optima)  structure-control  design  problem  is 
to  find  the  structural  parameters  and  the  control  law  to  minimize  a  performance 
index  while  satisfying  control  energy  and  displacement  constraints.  This  may  be 
posed  as  a  mathematical  programming  problem. 

Assume  the  system  is  given  as 

X  =  Ax  Bu  -h  Cd 

y  =  Cx  (1) 

z  =  fix  +  V 

where  we  have  the  conventional  definitions  of  the  state(x),  control(u),  performance 
output(j/),  measured  output(z),  and  input  and  output  disturbances  (d,v.  respec¬ 
tively).  Here  we  will  assume  that  d  is  Gaussian  white  noise,  d  ~  N{0,  D)  For  this 
system  we  pose  the  following  optimization  problem: 

Minimize  the  function  J{pi,p2,  ■  ■  ■),  where  the  pi  are  structural  param¬ 
eters  such  as  mass,  stiffness,  area,  etc.,  and  find  the  feedback  law 


M  =  f{z) 


(2) 
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where  /(•)  is  a  specified  functional  form  based  on  the  controller  type 
desired. 

For  example,  if  2  =  x,  then  the  problem  is  full  state  feedback  and  /(•)  becomes 
naturally  a  gain  matrix.  The  resulting  optimization  becomes  a  special  form  of  the 
linear  quadratic  regulator.  The  functional  /(•)  can  specify  an  (unknown)  dynamical 
system  in  the  general  output  feedback  problem.  For  the  problem  considered  in  this 
paper  we  consider  the  controller  to  consist  of  two  parts:  The  first  is  the  passive 
controller  which  consists  of  unknown  damping  coefficients  at  specific  locations.  The 
second  part  is  a  “conventionar  full  state  active  controller.  The  active  controls  must 
satisfy  the  control  energy  constraints 

E[tJ  Ru]  =  if-  (3) 

while  the  outputs  sati,sfy 

E[y^  <  (t'l  (Output  disturbance  Inequalities,  i  =  1 , . . . .  n)  (4) 

The  rationale  for  a  fixed  control  energy  constraint  is  that  for  an  active  control 
implementation,  the  desired  control  should  utilize  the  full  control  capability  to 
reduce  the  structural  loading.  The  output  inequalities  may  be  several,  in  which 
case  one  or  more  constraints  may  be  equality  constraints,  but  others  will  be  strict 
inequalities. 

Using  the  Gaussian  disturbance  case,  the  expectations  can  be  converted  to  simple 
operations  on  the  covariance  matrix,  which  is  determined  by  a  Lyapunov  equation 
(assuming  here  linear  controls).  For  details  on  this  see  the  references.  Using  this 
approach  the  optimization  framework  is  quite  flexible  and  can  be  adjusted  to  a 
variety  of  special  types  of  constraints  and  controllers.  Numerically  the  resulting 
optimization  problem  can  be  solved  by  a  variety  of  general  non-linear  optimiza¬ 
tion  software.  For  the  full  state  feedback  case,  linear  regulator  software  can  be 
incorporated  also. 

'Fhe  physical  details  of  the  active  and  passive  components  are  not  explicitly 
considered  in  this  paper.  In  general  however  we  may  consider  the  mass  added  by 
active  control  elements  to  be  proportional  to  the  mean  square  energy  (/?“),  while 
the  mass  of  the  passive  damping  elements  is  proportional  to  the  damping  element 
“c" .  Results  using  this  parametric  form  are  discussed  in  the  next  section. 

3.  APPLICATION  TO  DRAPER  I  TRUSS 

In  solving  an  optimal  structure/controller  problem  (McLaren(90)  determined  the 
optimal  mass  of  the  tetrahedral  truss  model  model  known  as  “Draper  I”  (see  Fig¬ 
ure  1)  for  various  types  of  controller  implementations.  For  this  structure  there  are 
six  control  actuators,  situated  in  each  of  the  b^lse  legs  of  the  truss,  and  six  collocated 
velocity  sensors,  giving  the  longitudinal  velocity  of  each  truss  leg.  The  advantage 
of  full  state  information  is  shown  dramatically  by  comparing  the  minimum  mass 
structure  using  full  state  active  control  with  the  minimum  mass  using  only  the  six 
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velocity  sensors.  For  this  case  the 
problem  wa-s  to  design  tlie  optimal 
structural  elements  to  minimize  the 
mass  and  to  simultaneously  design  the 
controller.  The  controller  energy  is 
while  the  output  constraint  is  E(y~)  = 
f>-.  Note  in  both  of  these  ca.ses.  no 
dampitig  or  controller  mass  penalty 
was  a.ssumeil.  For  these  two  ca.ses  the 
final  masses  are  shown  in  f'igiire  2. 

The  results  indicate  that  generally  full 
state  d('sigri.s  may  acliieve  almost  .a0% 
less  ma.ss  than  the  optimum  velocity 
feedback  designs.  Biust'd  on  the  large 
mass  reduction  from  full  state  feed¬ 
back,  its  seems  reasonable  that  for  this, 
tind  probaldy  for  most  structures,  the 
adv.-'.titage  of  an  activ<'  h-edback  scheme 
is  real  atid  can  be  (luantified  <',\plicitly. 

We  also  considt'r  the  cast'  of  a  fi.xed  structure  and  examine  the  optimal  combi¬ 
nation  of  active  control  ainl  purely  local  passive  damping.  Numerically  this  case  is 
computed  by  insertion  of  a  damping  matrix  and  a  full  state  feedback  design.  The 
output  consraint  and  control  constraint  remains  as  in  the  prior  case.  Due  to  the 
symmetry  of  the  DRAI’FR  structure  tlie  damping  elements  were  broken  into  three 
components.  The  first  component  is  equal  damping  added  to  the  three  main  legs 
connecting  the  base  to  the  vertex.  1  he  second  is  damping  added  to  the  base  trian¬ 
gle  of  the  structure,  and  the  third  is  damping  added  to  the  six  legs  connecting  the 
structure  to  ground.  As  expected,  damping  #2  in  the  base  plane  has  little  effect  on 
response,  however  the  role  of  damping  #1  and  damping  #3  indicates  a  useful  and 
interesting  tradeoff  between  the  passive  damping  added,  and  the  amount  of  active 
control  energy  required.  1  he  most  important  point  to  be  made  is  that  the  addition 
of  passive  damping  is  not  necessarily  beneficial.  Indeed  the  location  and  size  of  the 
disturbance,  the  displacement  constraint  amplitude,  and  the  relative  mass  penalty 
associated  with  tiie  passive  and  active  control  components  all  play  a  large  part  in 
establishing  the  optimum  combinations.  If  the  disturbance  is  applied  at  the  top 
vertex,  the  base  damping  is  relatively  unimportant,  while  a  moderate  amount  of 
damping  in  the  legs  can  substantially  reduce  the  active  control  costs.  A  typical 
cost  curve  for  a  particular  weighting  of  active  and  passive  control  costs  is  shown 
in  Figure  3.  Although  not  displayed  on  this  graph  it  can  eaisily  be  shown  that 
decreasing  the  allowable  tip  deflection,  generally  decreases  the  amount  of  passive 
damping  vvhich  required. 

If  the  disturbance  enters  through  the  base  of  the  structure,  then  the  relative 
importance  of  the  two  damping  components  becomes  more  complicated.  For  very 
tightly  controlled  displacements,  zero  leg  damping  results  in  the  lowest  active  con¬ 
trol  cost.  As  the  displacement  constraint  on  the  tip  is  allowed  to  grow,  then  the 
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leg  damping  can  aid  the  overall  active  control  costs.  These  trends  are  shown  in 
Figure  4.  I  he  optimal  blend  will  of  course  depend  on  the  relative  cost  penalty  of 
the  damping  components. 
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Figure  2:  Optimal  DR.M’FH  1  mass  for  full  state  vs.  velocity  feedback 
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Figure  4:  EfTcct  of  passive  damping  on  activ'e  control  energy  required 


4.  CONCLUSIONS 

Tlie  results  shown  indicate  that  there  is  an  easy  way  to  explicitly  characterize  the 
relative  merits  of  an  active  versus  a  passive  control  scheme.  No  attempt  here  is  made 
to  quantify  the  exact  trade-off  due  to  the  uncertainty  in  mass  figures  associated 
with  the  controller  types.  This,  and  further  exploration  of  controller  trade-offs,  are 
subjects  of  continuing  research. 
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ABSTRACT 

Generalizations  of  control  structure-interaction  are  drawn  for  the  case  of  passive 
viscoelastic  damping  and  active  control  for  challenging  vibration  suppression  in  high 
modal  density  structure.  The  results  of  several  analytic  studies  are  summarized 
together  with  selected  experimental  results.  Passive  damping  has  been  sho-  n  to 
remove  large  amounts  of  vibratory  energy,  lower  the  response  of  the  structure  to 
excitation,  stabilize  any  active  control  system,  and  make  an  active  system  more  robust. 
For  extremely  challenging  vibration  suppression  requirements,  an  optimum  bh'nd  of 
active  and  passive  is  the  only  practical  approach. 


INTRODUCTION 

The  necessity  and/or  desirability  of  suppressing  the  noise  or  vibration  of  a  lug-  variety 
of  structures  which  are  characterized  by  their  complexity  and  consequent  high  modal  density 
has  become  commonplace.  This  is  true  especially  in  certain  high  performance  military 
satellites,  but  also  in  many  other  types  of  applications.  The  performance  criteria  may  be 
resonant  high  cycle  fatigue  life,  survival  of  the  launch  environment,  providing  micro-gravity 
orbital  operations,  precision  pointing,  settling  time,  jitter  suppression,  alignment  of  optical 
elements,  noise  suppression,  etc. 

Passive  damping  technology  has  reached  a  degree  of  maturity  to  the  point  that  many 
applications  are  practical,  and  -pportunities  for  further  advancement  are  apparent.  Similarly, 
active  control  is  a  well  known  lechnology. 

The  hierarchy  o*'  .  ibration  suppression  approaches  is  well  established.  Ordinarily,  the 
dynamic  disturbance.>  are  minimized.  Then,  if  possible,  the  disturbance  is  isolated.  The 
receiver  is  isolated  if  practical.  Re-design  of  natural  frequencies,  stiffness,  etc.,  is  then 
appn  pnate.  Beef-up  in  the  instance  of  high  cycle  fatigue  rarely  extends  life  significantly 
because  the  dis'urbance  is  typically  wide  band,  and  resonant  conditions  are  still  encountered. 
Passive  damping  technology  may  be  appropriate  at  any  point  in  the  design  cycle,  but 
especially  if  it  is  early  in  the  design.  Active  control  technology  is  typically  the  last  in  the 
hierarchy,  especially  if  separate  sensors  and  actuators  are  required. 

Disturbances  may  be  categorized  in  degree  cf  difficulty.  It  the  di'  Uirbance  is 
sinusoidal  of  fixed  frequency,  it  is  typically  easy  to  accommodate  durin  ign.  If 
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disturbance  frequencies  are  swept  over  a  significant  range,  it  will  probably  be  difficult  to  avoid 
resonances.  If  the  disturbance  is  broad  band  random,  it  is  generally  irr  possible  to  avoid 
resonances. 

Passive  damping  may  provide  adequate  performance  if  the  criteria  is  vibration  level, 
either  peak  to  peak  or  rms.  It  may  also  be  satisfactory  in  the  case  of  jitter,  settling  time,  noise 
or  harshness.  There  are  also  types  of  applications  where  passive  damping  generally  does  not 
work,  namely,  flexible  rotor  modes,  noise  thru  transmission  of  flexible  structure,  and  others. 

The  measure  of  damping  which  is  almost  universally  understood  is  "Q",  the  quality 
factor  borrowed  from  electrical  engineering  and  resonant  circuits.  The  viscous  critical 
damping  fraction  is  also  used  widely.  The  modal  loss  factor,  the  reciprocal  of  Q,  is  typically 
used  by  viscoelastic  material  damping  engineers. 

DEFINITION  OF  THE  PROBLEM 

The  most  challenging  problem  is  considered  to  be  broadband  vibration  suppression  of 
questionably  modelled,  modally  den.se  structure.  This  situation  has  occurred  and  will  continue 
to  occur  repeatedly  in  the  future. 

Practical  structures  are  modally  dense.  It  is  didactic  to  consider  beams  (one 
dimensional  structure)  and  plates  (two  dimensional),  but  realistic  structure  is  three 
dimensional,  large  and  flimsy.  The  significance  of  this  is  that  structure  will  possess  many 
natural  vibration  modes  with  ratios  of  adjacent  frequencies  nearly  equal  to  unity. 

The  questionably  modelled  aspect  ari.ses  because  analytical  predictions  are  not 
sufficiently  accurate  and  also  because  the  in-service  identification  of  the  plant  is  severely 
challenging.  The  relative  difficulty  of  identification  depends  greatly  on  the  modal  damping  in 
the  structure;  very  low  damping  requires  long  observation  times.  It  is  here  asserted  that  the 
optimum  structure  incorporates  levels  of  modal  damping  on  the  order  of  five  per  cent  of 
critical  viscous.  These  levels  present  challenges  of  their  own  with  regard  to  identification. 
When  it  is  considered  that  plant  geometry  and  mass  properties  may  vary  dramatically,  the 
situation  becomes  clear  regarding  plant  identification. 

The  problem  is  also  broadband,  both  because  the  disturbances  will  be  a  wide  range  of 
frequencies  and  will  include  random,  and  because  the  natural  global  and  local  frequencies  of 
the  structure  will  cover  an  extremely  wide  range.  The  confrontation  is  with  both  a  wide  range 
of  disturbances  and  a  wide  range  of  resonances. 

The  need  for  high  precision  in  this  situation  provides  the  ultimate  definition  of  the 
problem. 

SELECTED  STUDIES 

A  study  by  von  Flotow  and  Vos  provided  a  summary  which  indicated  that  flexible 
modes  beyond  the  control  bandwidth  must  be  gain  stabilized;  furthermore,  flexible  modes 
within  the  control  bandwidth  must  be  robustly  phase  stabilized.  Passive  damping  allows 
modelling  infidelity.  This  is  necessary  for  stability  without  regard  for  performance,  which  is 
the  essential  consideration. 

A  paper  summarizing  a  design  study  by  Garibotti  considered  a  retargeting  maneuver 
of  a  space  based  laser.  The  requirement  was  on  settling  time  for  line  of  sight.  Twenty-four 
flexible  modes  and  21  collocated  sen.sor/actuator  pairs  were  u.sed.  Three  values  of  Young's 
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modulus  were  used.  To  simplify  the  results  dramatically,  the  control  force  and  the  control 
energy  drops  considerably  at  9  %  passive  damping. 

Another  paper  study  by  Bicos  analyzed  the  settling  time  of  a  space  station  model  and 
of  a  neutral  particle  beam  after  a  retargeting  maneuver.  Again  to  simplify,  high  specific 
stiffness  materials  improve  performance.  High  strain  energy  members  were  considered  to  be 
damped.  It  was  concluded  that  both  active  and  passive  are  required. 

The  PACOSS  program,  which  was  a  $5.3M  design,  fabricate  and  test  effon,  provided 
several  conclusions.  Major  experimental  articles  were  designed,  fabricated  and  tested.  The 
Dynamic  Test  Article  had  27  global  modes  under  10  Hz.  There  were  5  general  types  of 
viscoelastic  damping  designs  used.  Modal  damping  as  high  as  13%  was  achieved.  It  was 
established  that  viscoelastic  damping  is  designable,  mode  by  mode.  Experimental 
identification  of  the  DTA  proved  to  be  challenging.  Fully  half  of  the  program  resources  were 
expended  on  active  control  investigations.  Five  control  algorithms  were  experimentally 
implemented.  It  was  established  that  there  is  a  strong  synergism  between  active  control  and 
passive  damping.  Viscous  dampers  were  investigated  as  well  as  viscoelastic. 

These  studies  establish  that  the  required  active  control  energy  is  dramatically  reduced 
for  viable  amounts  of  passive  damping  and  that  both  active  and  passive  are  required. 

PASSIVE  DAMPING  IS  A  DESIGN  PARAMETER 

Numerous  hardware  investigations  and  viscoelastic  passive  damping  applications  have 
established  that  analysis  and  experiment  correlate  very  well.  On  multiple  occasions, 
viscoelastic  damping  has  been  developed  on  an  accelerated  time  scale  and  used  to  enable 
launch  of  a  satellite  and  its  orbital  performance.  Satisfactory  results  have  been  achieved  on 
these  occasions  using  conventional  finite  element  analysis  programs. 

Damped  laminated  steel  is  in  production  for  automotive  valve  covers,  oil  pans,  etc.,  in 
the  USA.  In  Japan,  it  is  used  widely  in  household  appliances.  It  can  be  deep  drawn,  welded, 
shaped,  painted,  etc.  Damped  computer  disc  drives  are  in  wide  production  in  the  US. 

RECOMMENDATIONS 

It  is  clear  that,  in  many  cases,  active/passive  vibration/noise/jitter  suppression 
engineers  are  severely  challenged  in  meeting  system  performance  requirements.  The 
necessity  for  heroic  efforts  and  breakthrus  are  commonplace. 

It  is  equally  clear  that  confidence  levels  in  technical/cost/schedule  are  not  adequately 
established  for  active/passive  techniques  to  the  point  that  program  managers  believe  payoffs 
are  commensurate  with  risks. 

A  quantum  leap  in  jitter  performance  thru  extensive  viscoelastic  structure  is  guaranteed 
and  is  affordable.  Several  programs  to  design,  fabricate  and  test  hardware  as  close  as  possible 
to  future  system  hardware  is  essential. 
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The  optimal  mix  of  passive  and  active  control  with  actuator  selection 


Jae  H.  Kim  and  Robert  E.  Skelton 

School  of  Aeronautics  and  Astronautics,  Purdue  University,  West  Lafayette,  IN47907 

ABSTRACT  ;  This  paper  shows  how  to  redesign  a  structure  to  make  it  easier  to  con¬ 
trol.  Given  an  inhial  structure,  a  set  of  noisy  actuators  and  a  controller  are  selected  to 
minimize  the  control  effort  subject  to  the  output  RMS  inequalities.  The  initial  struc¬ 
ture  and  the  Output  Variance  Constrained  (OVC)  controller  con.stitute  a  closed-loop 
system  which  yields  the  required  performance.  Then  the  structure  and  the  controller 
tue  simultaneously  redesigned  to  minimize  the  active  control  effort,  while  preserving 
all  the  clo.sed-loop  properties  of  the  original  closed-loop  system. 

1.  INTRODUCTION 

The  selection  of  actuators  (their  number,  type,  size  and  locations)  is  one  of  the  most 
imponatit  problems  in  the  synthesis  of  a  control  sy.s'tern.  The  cost,  reliability  and  weight  of 
the  input  devices  limits  their  ch;u-acteristics.  Superfluous  actuators  can  increase  plant  dis¬ 
turbances  or  model  uncenainties  without  contributing  much  to  the  system  performance  [Ij. 
f-unhermore,  an  unfavorable  selection  resulting  in  a  plant  poorly  conditioned  (in  the  sense 
t)f  input-to-oiitput  characteristics)  may  lead  to  controller  design  difficulties.  Hence, 
simplistic  ilesign  methods  have  to  be  replaced  by  more  .sophisticated  ones  for  which 
unnecessarily  e.scessive  effort  must  be  made.  The  size  (i.e.,  dynamic  range)  of  the  devices 
mtis!  tilso  be  itiken  into  account  during  the  selection  process  because  any  physical  device 
has  its  own  limitation.  In  general,  a  good  choice  of  actuators  can  be  made  when  a  closed- 
lo(>p  (rather  thtin  open-loop)  system  performance  is  considered  as  a  selection  criterion.  So 
the  selection  algorithm  must  be  integrated  with  the  controller  design  process.  In  the  first 
p.irt  of  this  paper,  a  set  of  actuators  is  selected  which  consumes  minimum  control  energy 
w  hile  output  vMriance  constraints  are  satisfied.  The  actuator  selection  procedure  is  an  itera¬ 
tive  algorithm  composed  of  two  parts;  an  output  variance  constrained  control  and  an  input 
variance  constrained  control  algorithms. 

Structure  design  and  control  design  have  been  independently  optimized  to  improve 
the  dynamic  response  of  various  mechanical  structures  |2|,  but  these  theories  have  not 
been  integrated  in  any  tractable  way.  However,  a  comhincd  structure  redesign  and  active 
control  design  can  achieve  better  performance  than  simply  designing  the  controller  after 
the  structure  is  designed.  In  order  to  get  the  required  performance,  the  control  effort 
reqinretl  of  ;i  strictly  active  control  system  might  be  e.xcessively  large.  In  this  case,  one 
can  benefit  greatly  by  both  structure  and  control  redesign  in  a  coordinated  way.  One 
approach  is  to  simultaneously  optimize  the  structural  and  control  parameters,  This 

leads  to  nonlinear  mathematical  programming  problems  with  no  guarantee  of  stability,  nor 
a  globally  optimal  solution,  nor  the  convergence  of  algorithms.  Our  approach  guarantees 
stability  and  a  globally  optimal  solution  in  a  finite  number  of  iterations. 

Recently  [.‘S|,  the  idea  was  advanced  that  the  controller  should  be  designed  first  for 
the  given  plant,  then  both  the  structure  and  the  controller  should  be  redesigned  to  yield  the 
same  response  as  the  original  plant  with  the  original  controller.  Hence,  for  specified 
closed-lotrp  system  performances  achieved  by  some  (given)  controller  acting  on  the  origi¬ 
nal  structure,  the  best  combination  of  passive  control  (structure  redesign)  and  active  con¬ 
trol  (control  redesign)  for  mechanical  structures  was  derived  by  minimizing  the  active  con¬ 
trol  effort  required  to  yield  the  same  closed-ltxip  system  matrix  as  the  original  controlled 
system.  However,  in  (.“il  only  a  static  output  feedback  controller  was  used  before  and  after 
structure  redesign.  We  shall  extend  these  results  to  the  dynamic  feedback  case.  I-'urther- 
more.  the  initial  controller  is  designed  with  optimally  selected  actuators. 
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2.  ACTUA  TOR  SELECTION 

III  this  section  we  propose  an  iterative  algorithm  which  simultaneously  solves  both 
the  actuator  selection  problem  and  control  problem  while  closed-loop  performance  is  taken 
into  account  during  the  selection  process.  Consider  a  plant  described  by 

Xp  =  ApXp  +  Bp[i(u-hW3)-t-DpWp  ,  y  =  CpXp  (2.1) 

where  ,Xp  e  R"'  ,  u  e  R""  and  y  e  R"'  are  the  vectors  of  plant  state,  input  and  output.  The 
diagonal  matrix  [)  is  to  be  selected  with  the  i-th  diagonal  element  p;  =  0  or  1.  Pi  =  1 
means  that  the  i-th  actuator  is  selected  for  a  controller  design.  The  columns  of  Bp  matrix 
are  dictated  by  the  locations  and  types  of  available  actuators.  The  actuator  noise  w^  and 
the  plant  disturbance  Wp  are  assumed  to  be  zero  mean  Gaussian  white  noise  processes  with 
intensity  W,,  and  Wp,  respectively.  The  problem  under  consideration  may  be  stated  as 
follows; 

Optimal  Actuator  Selection  (OAS)  Problem 

Given^  a  positive  definite  input  weighting  matrix  and  upper  bounds  of  output 
variances  0‘,  lind  the  N  actuator  locations  (or  location  index  matrix  P)  out  of  n^C  >  N  ) 
available  locations,  and  the  corresponding  control  law  u  such  that 

.Min 'i,.,  (Pu)^R„(Pu)  subject  to  '£„vf<op  ,  i=l,2,  ,  Oy  (2.2) 

li.ii 

where  =  lim  '£  is  the  expectation  operator. 

I 

Notice  that  in  the  OAS  Problem,  p  is  a  matrix  of  "complicating  variables"  in  the  sense  that 
when  P  is  temporarily  held  fixed,  the  remaining  problem  is  considerably  more  tractable. 
In  otir  case,  when  p  is  fixed  we  have  the  OVC  control  problem  for  which  there  are  well- 
developed  algorithms  |6-8|.  This  favorable  observation  is  our  motivation  to  use  the 
following  iterative  algorithm  to  select  i  set  of  actuators, 

Eirst  we  consider  the  following  two  problems  which  are  closely  related  to  the  0,AS 
problem;  here  denotes  a  set  of  stabilizing  control  laws: 

Output  Variance  Constrained  (OVC)  Control  Problem 

For  given  diagonal  matrix  R„  >0  and  of ’s, 

min  u^R„u  subject  to '£,«,yf  <  of ,  i=l,  •  •  • ,  n^  .  (2.3) 

Input  V'ariance  Constrained  (IVC)  Control  Problent 

l  or  given  diagonal  matrix  Q„  >  0  and  pl 's, 

mm  £^v'Q„v  subject  to  £„,uf  <  pf,  j=l,  ■  •  ,  n„  .  (2.4) 

U.  u  '  '  ' 


The  following  theorem  provides  the  relationship  between  the  OVC  and  IVC  control 
problems,  .See  also  1 1 1 1  for  solutions  of  problems  similar  to  OVC/IVC. 

rheorem  1  1 8 1 

l.ct  ti  and  i]  he.  respectively,  the  solution  and  the  optimal  multiplier  vector  of  the 
OVC  Control  Problem.  Suppose  that  for  the  IVC  Control  Problem  we  choose 

->  2 

Q„  =  diagtq)  and  pj  =  £_uf  ,  j  =  1,  2,  ■  •  ■  .  Oy  ,  (2.5) 

iheii  li  is  also  a  solution  to  the  IVC  Control  Problem  and  the  corresponding  multipliers  are 
the  diagonal  elements  ofR^,  given  in  the  OVC  control  problem. 


Before  we  provide  an  actuator  selection  algorithm,  we  consider  another  closely  related 
problem  whose  solution  is  dependent  on  a  perturbation  parameter; 


A  ctne/Passive  Integration 
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Perturbed  I  VC  Control  Problem 

For  a  given  matrix  Q^,  >  0  and  a  vector 

min  ‘£„  y^QoV  subject  to  +  ej,  j  =  1, 

U€ 

where  the  perturbation  parameters  ej ’s  are  considered  to  be  fixed. 


■ •  • ,  nu 


(2.6) 


The  perturbed  problem  (2.6)  has  been  studied  by  many  mathematicians  (see  [9|  and 
references  therein).  Under  mild  conditions  [9|,  we  have  the  tollowing  theorem; 

Theorem  2  [9,  Theorem  5.4. 1 1 

For  e  in  a  neighhorhood  ofO,  the  gradient  of  the  optimal  value  function  is 

d 


9ei 


[‘E-y'^Qoy]=-rj(e)  (2.7) 

where  y  is  the  output  vector  when  u  is  used  in  (2.1). 

Theorems  1  and  2  are  basis  of  the  following  algorithm  for  solving  the  OAS  in  (2.2); 


.An  OAS  Algorithm 

Step  I  .Set  k  =  0  and  =  1  for  all  j. 


.Step  2  .Solve  the  OVC  c^jntrol  problem  with  Ro  >  0  and  calculate  the  optimal  input 
variances  for  all  j  such  that  Pp  =  1.  The  multiplier  vector  q  is  a 

part  of  solution. 


.Step  .1  Solve  the  IVC  control  problem  with  Q„  =diaglqi,  q2,  ■  ■  ■ ,  qn^  I  and  an 
upper  bound  of  input  variance,  (from  (2.9a).  The  multiplier  vector  r  is  a 
part  of  solution. 

Step  4  Calculate  the  actuator  effectiveness  values 

'£„u,  (from  Step  2)  ,,, 

(X,  =  r,  (from  Step  3)  x - - -  forj  such  that  PJ^'  =  1  .  (2.S) 

Step  Set  k  =  k  +  1  and  delete  one  actuator  which  has  the  smallest  value  of  ctj 
(i.e..  set  P}*'*  =  0/or  the  corresponding  actuator). 

Step  b  Repeat  Steps  2  thru  5  until  N  =  £ 

j=i 


The  final  controller  would  be  the  one  from  Step  2.  Hence  the  output  variance  constraints 
are  guaranteed  to  be  satisfied.  In  case  there  are  variance  constraints  on  each  actuator,  they 
should  be  used  fttr  the  upper  bound  in  Step  3  to  solve  the  IVC  control  problem. 
Otherwise,  the  following  value  is  recommended; 

Pj'  =  Yj  ‘£„u,  for  all  J  such  that  P}*'*  =  1  (2.9a) 

where  '£  „u,  is  available  from  the  solution  of  the  OVC  control  problem  in  Step  2  and 

y,  =  1  -  '£„Uj  / 

Notice  from  Theorem  1  that  if  we  choose  Yj  =  1  for  all  j,  we  have  fj  =  the  J-th  diagonal 
elemt^t  of  Ro-  By  Theorem  2,  Fj  is  a  marginal  change  (or  sensitivity)  o^the  optimal  value 
'£~y  Qii/  when  the  j-th  input  variance  bound  varies  from  Pj  =  '£„,Uj .  For  example,  if 
tj  =  0,  then  the  sensitivity  of  the  IVC  objective  function  with  respect  to  the  j-th  input 
perturbation  is  zero.  Hence  the  corresponding  actuator  is  a  candidate  for  deletion.  The 
second  term  on  the  right  hand  side  of  (2.8)  is  to  consider  the  role  of  each  input  in  the  OVC 
control  problem  relative  to  the  constraint  in  the  IVC  control  problem. 
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Notice  that  the  above  algorithm  does  not  use  any  integer  programming  (which 
reiiiiires  intensive  computation).  This  algorithm  does  not  guarantee  that  the  solution  will 
be  globally  optimal.  If  the  actuator  noi.se  is  much  greater  than  the  external  plant 
disturbances  our  algorithm  fails  to  find  the  optimal  solution  in  one  example.  The  final 
OVC  controller  will  be  used  for  redesigning  the  system  in  the  next  section. 


V  rill-:  Oin  IMAL  MIX  OF  PASSIVE  AND  ACTIVE  CONTROL 
We  consider  vector  second  order  systems  described  by 

X.,  =  ApXp  +  BpU  ,  z=.MpXp  ,  xj  =1  1  ,  q  €  ,  z  e  ,  (.2.1a) 

here 

V  [ 

A.,  = 

where  is  an  identity  matrix  of  size  nq,  z  is  a  noise  free  measured  signal  which  is  fed 
back  tt'  a  controller,  and  u  is  an  tictuator  signal  generated  by  any  linetir  dynamic  controller 
of  order  n^  given  by 

'c  =  +  B^z  .  u  =C^.,x^.  +  D^  z  ,  x^.  €  R"'  .  u  e  R’’^  .  (.2,2) 


0 


.Mpi|Mp  M,| 


(.2.1b) 


(.)ur  plant  is  a  mechanical  sy  steiti,  hence  we  refer  to  the  plant  as  u  "structure".  In  fact  our 
nioiisation  is  to  design  Ilexible  stnictures  for  better  "controllability",  in  some  sense  to  be 
made  precise.  Suppose  an  OVC  controller  has  already  been  designed  so  that  the  required 
pcitormance  of  the  system  (.2.1)  is  achieved.  After  structure  redesign,  the  mass,  damping 
and  --tiffness  matrices  arc  changed  by  ,  A'D  and  A!.\',  respectively.  So  we  have 

Xp  =  ApXp  +  BpU  .  z  =  Mp.Xp  (.2. .2) 

\s  here 


’  ''  L-(A/T.\Af)  '(tV.+.^‘-'C2  -  (tV+AA/ r'('i)+A‘iOj  ’  ’’ 

The  controller  (  2.2i  w  ill  also  be  changed  tt' 

x,^  =  A^x,;  +  B^  z  ,u  =  C\  x,^^  +  ITz  .  (.2.4) 


0 

(Af+AAf)"’'i2 


I'he  controller  (2.4 1  is  tt)  be  designed  st)  that  specified  closed-ltK'p  properties  of  systems 
(2  1  I  with  (2. 2).  and  (2,2)  with  (2.4),  are  identical.  Define  the  active  control  effort  after  the 

retlesign  as  follow  s; 

J  =  (i.  t)Ru(i,  t)dt  (2,?) 


where  R  is  a  given  ptisitive-delinite  weighting  matrix  and  u(i,  t)  denotes  u(t)  when  only  the 
1  th  initial  condititin  (i  =  1,  •  ■  ■  ,  n,  +  n^)  of  the  closcd-k)op  system  is  applied. 

1  he  ttptimal  mix  prtiblem  under  ettnsideration  is  stated  as  follows  ; 


I'he  I'ransfer  Equivalence  Optimal  Mix  (TEOM)  Problem 

Find  the  structure  redesign  matrices  A'Af ,  A'D  and  A'J(_  which  minimize  the  active 
I  ( mtrnl  ctpirt  1 2. ,2  I  while  preserving  the  closed-loop  system  matrix  after  structure  redesign. 
I  hit!  i\. 


Mm  J 

i  S-St  .\J1,  MVl 


subject  to 


A.,-i  -  A^|  ,  I 

■M  +  AAf  >2£.  'D  +  A‘D  >‘ll.  •FC  +  ^'K^K  I 


(2.6) 


where  .‘\j  (.\,i)  IS  the  closed-loop  system  matrix  before  (after)  structure  and  controller 
redesign,  and  'If  and  ’Jy_  represent  the  lower  h,>unds  of  mass,  damping  and  stiffness 
matrices  allowed  in  the  redesign. 


■U  nil'  f^a.wivt'  Intc^nUHm 
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Ihc  controller  redesign  pan  is  embedded  in  Hence,  the  TEOM  problem 

\i)nul!anc,:usly  redesigns  the  plant  and  the  controller. 

Alter  some  algebraic  manipulation,  the  equation  in  (3.6)  may  be  reduced  to 


u.  here 


7^G,M  =  ‘i?GuM  +  lA'A:  A‘X> 


and  A^  =  Ac  ,  Be  =  Be 


Ge  ^(De  Cei  ,  d,.^(De  Cel  . 


0  'n. 

V  M  = 

Af  'cifGuM-IA:  77  01) 

(3.7a) 

(3,7b) 


(3.7c) 


The  K  St  t\so  equations  (3.7a)  imply  that  the  dynamic  characteristics  of  the  controller  are 
not  intluenced  by  structure  redesign  if  the  clo.sed-loop  system  matrix  is  to  be  preserved. 
The  following  thetrrem  will  be  essential  to  the  development  of  a  solution; 


Theorem  3  l|  lO).  Theorem  2.3.2) 

//  'A  has  full  inlumn  rank  and  M,,  has  full  row  rank.  G^,  satisfyin!>  (3.7a)  e.xists  if 
andoni)  if  the  lollowi>u>  equation  is  satisfied: 

.yn  \.Af  j  £  Nr  M  =  |AA',  A'P  ^^^{]L  (3.8) 

where  supers(  ript  ^  denotes  the  Moore-Fenrose  pseudoinverse  1 10).  Furihermorc,  if  a  Gu 
exists,  it  IS  uniquely  yiven  hy 

=  G^  +  'B  *\i\X  A‘/7  A;3(  I  L  .  (3.9) 


Hence  replacing  the  e(.|uation  in  '3,6)  by  (3.8)  and  (3.9)  results  in  an  equivalent  statement 
of  the  rr.OM  Problem  It  can  be  shown  [71  that  J  can  be  calculated  by 

j  =  tr(GuMXM’’Gu^R)  (3.10) 

where  X  satisties  .A^.X  +  XA,\  +  Xo  =0  and  X,)  =  diag|  •  •  ■  .x,‘(0)  •  ■  •  )  for  onc-at-a-time 
application  of  initial  conditions  X|(0). 

Notice  that  the  minimi/.ation  of  (3.10)  subject  to  (3.8)  and  (3.9)  is  a  quadratic 
programming  problem.  In  fact,  it  can  be  shown  that  the  problem  is  convex  181.  tience, 
every  local  solution  is  globally  optimal.  A  globally  optimal  solution  can  be  obtained  in  a 
linite  number  of  iterations.  See  181  to  transform  the  problem  into  a  standard  fonn  of  the 
quadratic  program  so  that  any  existing  softwtme  can  be  used  to  solve  the  TBOM  problem. 

Kven  though  mass  is  not  penalized  in  our  optimization,  one  might  guess  that  our 
minimization  of  control  power  would  cau.se  mass  to  be  reduced  in  the  redesign,  since  it 
takes  less  power  to  push  around  smaller  masses.  The  following  corollary  describes  an 
extreme  case  of  the  ri-iOM  problem  which  more  or  less  confirms  this  trend.  Indeed,  the 
prtiblem  (3  6)  degenerates  to  the  following  obvious  solution  when  =0  in 

(3  6) 


Corollary  118] 

Suppose  that  )^  =  (),  77  =  0  and  ^  =  0  in  (3.6).  and  that  ‘B  and  Mp  have  full 
I  olunin  and  row  rank,  respectively.  Then  the  solution  of  the  optimal  mix  problem  (3.6)  is 
Viven  In 

.\M  =  -  Af ,  A7)  =  -  77 ,  A(A:  =  -  TC  and  G^  =  0  .  (3.11) 

This  result  simply  states  that  if  there  are  no  lower  bounds  on  the  mass  then  the  minimal 
energy  control  is  accomplished  by  reducing  the  system  mass  to  zero.  Physical  constraints 
usually  do  not  allow  the  lower  bounds  on  mass  and  stiffness  to  be  zero,  but  the  reasonable 
trend  expressed  by  the  extreme  of  ('orollary  1  is  that  it  takes  less  control  energy  to  push 
.iround  smaller  m.isses 
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4.  Sl  Nl.MARY 

This  paper  shows  how  to  redesign  a  structure  to  make  it  easier  for  OVC  control. 
Ihe  initial  controller  satisfying  multiple  output  RMS  performance  requirements  is 
Simultaneously  obtained  when  an  optimal  set  of  actuators  is  selected  thru  the  suggested 
algorithm.  The  actuator  selection  process  is  an  iterative  algorithm  composed  of  two  parts; 
an  output  \ariance  constrained  control  and  an  input  variance  constrained  control 
algorithms.  Once  the  initial  controller  is  obtained,  both  the  structure  and  the  controller  are 
redesigned  to  minimize  the  active  control  effort,  while  preserving  all  the  closed-loop 
[iropenies  of  the  original  closed-loop  system. 
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Optimal  passive  damper  placement  and  tuning  using  the  Kitz  model  reduction 
method 


Cheng-Chih  Chu,  Mark  H.  Milman,  and  Andy  Kissil 

Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA  91109 


Abstract .  A  problem  of  considerable  importance  in  Control  Structure  Interaction  (CSl) 
technology  development  is  the  placement  and  tuning  of  passive  viscous  dampers  to  im¬ 
prove  system  stability  and  enhance  control  system  performance.  This  paper  addresses 
several  aspects  of  this  problem,  including  the  development  of  a  mathematical  problem 
formulation,  optimization  and  model  reduction  strategies  for  solving  (he  problem,  nu¬ 
merical  simulation  of  the  procedure,  and  finally  the  implementation  of  passive  dampers 
on  a  complex  testbed  facility. 


1.  Introduction 

The  motivation  for  studying  the  optimal  placement  and  tuning  problem  has  been 
discussed  previously  by  Chu  et  al  (1990)  where  the  general  placement  problem  for 
both  active  and  prissive  elements  was  considered.  However,  little  attention  has  been 
paid  to  the  tuning  aspect  of  passive  dampers. 

This  paper  addresses  both  the  placement  and  tuning  problem  for  passive  vis¬ 
cous  dampers,  where  the  tuning  parameters  are  the  damper  stiffness  and  damping 
coefficient.  Our  approach  to  this  problem  is  to  treat  these  two  tuning  parame¬ 
ters  as  the  gain  factors  in  an  equivalent  colocated  position  and  velocity  feedback 
system  respectively.  The  relative  velocity  feedback  gain  is  simply  the  damping  co¬ 
efficient.  However,  the  relative  displacement  feedback  gain  is  the  difference  between 
the  structural  element  stiffness  at  the  location  replaced  by  the  passive  damper  and 
the  actual  darnpi’r  stiffness.  The  objective  of  the  tuning  process  is  to  “optimally” 
adjust  these  two  feedback  gains  such  that  certain  performance  measures  are  opti¬ 
mized.  However,  it  is  impractical  to  use  the  “full-order”  model  in  the  tuning  process 
becau.se  of  the  computation  overhead.  Hence,  a  reduced-order  model  must  be  used 
in  the  process. 

In  this  study  that  the  Ritz  model  reduction  method  is  applied  to  derive  a  reduced 
low-order  mode!  for  predicting  damper  effectiveness  and  the  “damped”  system  per¬ 
formance  with  high  fidelity.  It  is  noted  that  this  method  has  been  used  to  derive 
the  reduced  order  model  for  computing  the  dynamic  response  of  the  open-loop 
(undamped)  system  (Kline  1986)  It  has  also  been  extensively  used  in  the  struc¬ 
tural  analysis  community  for  model  reduction  via  various  component  mode  synthe¬ 
sis  techniques  (Craig  and  Hampton  1968).  The  approach  presented  in  this  paper 
has  been  successfully  applied  to  the  placement  and  tuning  problem  of  one  passive 
damper  on  the  ,lPL's  CSI  Phase  B  Testbed  (O’Neal  ft  al  1991).  Results  generated 
provide  not  only  the  specifications  for  the  Honeywell  D-struts  (Wil.son  and  Davis 
1987)  but  also  candidate  locations  for  placement. 
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2.  Modeling  and  R.itz  Model  Reduction  Method 
Assume  that  the  dynamics  of  the  undamped  structure  can  be  described  by 
M z  A-  Kz  —  Bdd,  yo  —  CopZ  +  Covi  ■ 

Here  z  denotes  the  n  dimensional  vector  of  generalized  coordinates,  d  is  the  nj 
tlimensional  external  forcing  input  vector,  j/o  is  the  p  dimensional  controlled  output 
vector,  M  is  the  n  x  n  symmetric,  positive  definite,  mass  matrix,  and  K  is  the  nxn 
symmetric,  positive  semi-definite,  stiffness  matrix. 

If  the  passive  viscous  damper  is  modeled  as  a  spring  in  parallel  with  a  dashpot. 
The  dynamic  structural  model  with  the  inclusion  of  rip  passive  dampers  can  be 
represented  as; 


n  p  rip 

Mz  (Y,  k.,bjbj"')z  +  (K  -h  Y  =  Bdd  .  (1) 

;=1  ;=1 

The  fundamental  issue  of  passive  damper  placement  and  tuning  is  to  find  “best” 
locations,  kp^,  and  k^,  such  that  a  certain  “performance  measure”  is  optimized. 
Since  n  is  typically  very  large,  it  is  impractical  to  carry  out  any  optimization  prob¬ 
lem  using  the  full  order  model,  a  reduced-order  model  with  the  order  much  less 
than  n  must  be  developed. 

The  model  reduction  method  used  in  this  study  is  called  the  “Ritz  model  reduc¬ 
tion  method”  where  the  Ritz  transformation  matrix  comprises  the  first  m  (m  <<  n) 
eigenvectors  corresponding  to  the  lowest  m  eigenvalues,  {wi,  u)2  . ,  and  ad¬ 

ditional  Ritz  vectors  to  account  for  the  static  correction  for  each  of  forcing  inputs. 
Define  the  transformation  matrix  V  acs  V  ~  ]  where  the  matrix 

contains  the  first  m  eigenvectors  and  ^ritz  comprises  all  required  Ritz  vectors.  The 
reduced-order  model  is  then  obtained  by  applying  V  to  Eq.  (1) 


(V'^  MV)i  +  V'^ 


np 

rip 

Yj  ^'  ibjbj 

Vi +V'^ 

h  -f  Y^  ^p,  bj  bj 

7  =  1 

Vx  =  (V'^Bd)d  . 


3.  Optimal  Passive  Damper  Placement  and  Tuning 

In  the  optimal  passive  damper  placemcnt/tuning  problem,  two  types  of  performance 
criteria  are  considered.  The  first  one  is  the  structural  modal  damping  for  selected 
modes.  The  computation  involved  is  to  solve  for  the  eigenvalues  of  the  “A”-matrix 
for  a  given  damper  configuration  with  corresponding  damper  stiffness  and  damping 
coefficients.  The  second  type  of  criterion  requires  both  the  external  disturbance 
input  vector  and  the  controlled  output  vector  to  be  specified.  A  meaningful  and 
numerically  tractable  criterion  for  the  associated  optimization  problem  is  to  mini¬ 
mize  the  Tfo-norm  of  the  transfer  function  from  d  to  Po-  In  addition,  a  weighting 


A  iti\c/Passi\e  Integral  ion 


631 


function  can  be  used  to  model  spectral  property  of  d  and  a  weighting  function 
Wp  can  be  used  to  improve  the  performance  of  j/o  over  certain  frequency  ranges. 

The  general  2-optimal  placement/tuning  problem  for  multiple  passive  dampers 
can  be  posed  as 


'iijn  min  min  \\WpGp{s;  Bp,  Kp,  K^)Wd\\2 

Avt^V  ^p€.^P 


(2) 


where  Gp(s;  Bp,  Kp,  K,,)  is  defined  as  the  transfer  matrix  from  the  d  to  xjo  with  a 
given  damper  configuration  of  locations  corresponding  to  Bp  and  the  corresponding 
stiffness  and  damping  coefficients  Kp  and  K„. 

The  above  optimization  problem  is  a  combined  “continuous+discrete”  optimiza¬ 
tion  problem  where  the  selection  of  locations  {Bp)  is  a  combinatorial  problem  and 
the  the  selection  of  Kp  and  Kp  (tuning)  is  a  continuous  optimization  problem. 


4.  Application  -  Placement /Tuning  of  One  Passive  Damper 

A  detailed  description  of  the  JPL’s  CSl  Phase  B  Testbed  can  be  found  in  O’Neal 
et  al  (2991).  There  are  186  candidate  locations  on  the  truss  structure  considered 
for  placing  the  passive  dampers  and  the  model  has  252  mass  degrees  of  freedom, 
i.e.,  n  =  252. 

To  study  the  placement  and  tuning  problem,  the  7f2-optimization  formulation 
was  described  in  Chu  ei  al (1990).  Our  approach  is  to  first  fix  the  damper  stiffness  k, 
to  be  constant  since  passive  viscous  damper  usually  improves  system  performance 
much  better  if  the  damper  stiffness  is  lower.  For  example,  the  lowest  possible 
stiffness  for  the  Honeywell  D-struts  is  8000  Ib/in  (approximately)  which  will  the 
the  damper  stiffness  used  in  this  study.  The  optimal  kp  can  be  found  between  0 
and  1000  Ib-sec/tn  by  solving  the  nonlinear  optimization  problem  in  one  variable 
for  each  of  locations.  A  uniform  modal  damping  of  0.1%  for  all  modes  is  aissumed 
in  the  undamped  model. 

The  4f2-norm  cost  for  the  un<lamped  system  is  equal  to  1.1661F'  —  03  and  lo¬ 
cation  133  (located  at  first  bay  of  the  tower)  is  found  to  be  the  best  location  for 
placing  a  single  passive  damper  with  a  cost  of  2.0827E'  —  04  with  corresponding 
optimal  kp  =  370.07  lb  —  sec/in.  It  is  observed  that  there  are  significant  number 
of  candidate  locations  where  the  corresponding  closed-loop  systems  show  either  no 
or  little  improvement  in  performance.  Since  our  ultimate  objective  is  to  place  and 
tune  multiple  passive  dampers,  the  combinatorial  optimization  problem  arisen  is 
known  to  be  a  notorious  problem  due  to  the  fact  that  the  number  of  candidate 
locations  is  typically  much  larger  than  the  number  of  passive  dampers.  This  study 
could  also  provide  us  useful  information  for  the  pruning  process  (Chu  et  al  1990) 
to  simplify  the  associated  combinatorial  optimization  problem. 

The  specifications  for  the  stiffness  and  damping  coefficient  of  Honeywell  D-struts 
are  recommended  based  on  the  study  presented  here.  Figure  1  presents  experimen¬ 
tal  result  with  a  D-strut  placed  at  the  location  133.  Clearly,  remarkable  perfor¬ 
mance  improvement  was  achieved  with  only  one  appropriate  “placed  and  tuned" 
D-strut. 
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Figure  1:  Comparison  of  undamped  and  damped  responses 


5.  Conclusions 

In  this  paper,  the  general  optimal  passive  damper  placement  and  tuning  problem 
is  formulated.  The  effectiveness  of  the  Ritz  model  reduction  method  as  a  means 
to  obtain  a  reduced  order  model  enables  us  to  effectively  predict  the  damped  sys¬ 
tem  performance.  A  detailed  study  was  carried  out  for  placement  and  tuning  of 
one  passive  damper  on  the  JPL’s  CSI  Phase  B  Testbed.  Results  generated  from 
this  study  provide  not  only  the  specifications  for  the  Honeywell  D-struts  but  ahso 
candidate  locations  for  experimental  verification  which  shows  excellent  results. 

The  multiple  damper  placement  and  tuning  problem  is  a  combined  “continu- 
ous-l-discrete”  optimization  problem.  The  computation  involved  is  extremely  in¬ 
tensive.  To  develop  an  efficient  and  effective  approach  to  solve  such  a  problem  is 
an  area  of  our  ongoing  research. 
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Finite  element  method  for  numerical  simulation  of  the  actuator  performance  of  a 
composite  transducer  array 
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ABSTRAC  T:  A  general  finite  element  approach  is  developed  for  the  analysis  and  the 
design  of  a  composite  transducer  array  with  selective  electrical  excitation  of  one  of  the  the 
piezoceramic  elements.  This  finite  element  simulation  can  incorporate  a  transducer 
structure  with  general  material  damping,  dielectric  loss  and  can  take  into  account  the  effect 
of  fluid  loading,  backing  and  matching  layers.  Natural  frequencies  and  mode  shapes  are 
calculated  using  model  analysis  The  excited  voltage  on  the  adjacent  electrode,  the 
equipotential  distribution  in  the  transducer,  and  the  input  electrical  admittance  are  studied 
in  the  dynannc  respon.se  analysi.s. 


I  INTRODIX'TION 

PieziK’lectric  composite  transducers  combine  a  piezoelectric  ceramic  and  a  passive  host 
material.  This  kind  of  transducer  offers  several  advantages  in  a  variety  of  applications  which 
have  been  well  documented.  The  finite  clement  approach  is  a  powerful  means  to  simulate  the 
perfonriance  of  composite  transducers  .since  it  can  be  applied  to  any  arbitrary  geonietry  for  any 
arbitrary  set  of  material  properties  and  multi-field  boundary  conditions.  The  basic  finite 
element  formulation  can  be  found  in  the  work  of  Allik  (1970)  and  Kagawa  (1976).  In  this 
paper,  we  introduce  a  new  actuator  equation  for  the  dynamic  analysis  of  a  composite 
transducer  array.  For  the  actuator  function  of  a  transducer,  we  are  interested  in  the 
displacement  and  stresses  on  the  face  of  the  transducer  induced  by  a  known  applied  voltage  to 
one  nr  more  elements  of  the  transducer  array.  The  effect  of  fluid  loading  is  combined  w  ith  a 
material  damping  matrix  which  facilitates  the  calculation  process.  A  very'  interesting  study  is 
the  physical  connection  between  the  c.xcifed  voltage  on  the  adjacent  electrode  and  the  input 
electrical  admittance  when  only  some  elements  of  the  array  are  excited, 

:  FINITE  ELEMENT  FORMULATION 

.Mlik  and  Hughes  (1970)  have  applied  the  finite  element  formulation  to  the  analysis  ot 
vibration  modes  of  piezoelectric  materials.  This  paper  will  follow  their  basic  foimulation  and 
notation.  ,‘\dditional  capabilities  are  developed  in  the  actuator  equation. 
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The  geometric  coniiguration  of  the  two-dimensional  composite  transducer  array  to  be 
analyzed  is  shown  in  Fig.  1.  In  this  example,  the  dimensions  in  x-  and  y-  direction  are  larger 
than  the  thickness  of  the  transducer  array.  If  the  distribution  of  piezoelectric  element.s  or  unit 
cell  is  periodic,  we  can  consider  just  one  period  as  our  object  of  analysis  in  the  x-direclion 
and  use  Floquet  modes  to  simplify  our  problem.  In  this  example,  a  selective  PZT  element  is 
excited  by  a  known  voltage.  Selective  excitation  of  the  array  destroys  periodicity,  however, 
we  expect  only  a  few  nearest  neighbors  to  be  influenced  by  the  excited  element.  Periodicity 
can  be  reinvoked  by  assuming  1)  alternate  elements  are  excited.  2)  every  third  element  is 
excited  and  so  on.  This  way.  we  can  compare  the  results  and  study  the  convergence  of  the 
calculations  and  assess  the  effect  of  selective  excitation  on  neighboring  elements.  We  will 
examine  the  input  electrical  admittance,  the  excited  voltage  on  the  neighboring  PZT  element 
and  the  equipotential  distribution  in  the  transducer.  We  first  model  one  and  half  of  one  unit 
cell.  The  length  of  the  unit  will  be  extended  if  numerical  convergence  is  not  satisfied 


Fig.  1(a),  Model  for  a  two-dimensional  composite  transducer  array.  1(b)  model  with  a 
quarter  of  three  periodic  unit  cells. 

The  equations  which  define  the  motion  of  a  piezoelectric  structure  can  be  obtained  from  the 
principle  of  minimum  virtual  work  by  means  of  a  variational  functional  approach.  With  the 
virtual  nodal  displacement  system  and  potential  system  being  arbitrary  in  the  variational  font), 
we  constnict  the  finite  element  matrix  fonn  { 1 )  in  temis  of  the  arbitrary  displacement  1 5u  1  and 
electrical  potential  |8(p}  at  the  element  node  points. 

j  |K,„|  UDim  (oqMl 

3.  Flectroelastic  F-ree  Vibration  i 

The  free  vibration  of  the  transducer  differs  from  elastic  free  vibrations  in  that  it  involves 
electric  boundary  conditions  on  the  electric  terminals.  With  different  electric  boundary 
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conditions,  the  free  vibration  of  the  transducer  can  be  divided  into  two  extreme  cases  in  which 
the  electric  terminals  are  shorted  and  open-circuited.  In  (1)  the  nodal  potential  vector  |$}  can 
be  divided  into  two  groups,  {([ip}  and  |<l)q},where  subscript  ’p'  denotes  the  element  nodes  at 
the  electrodes  and  q’  the  nodes  at  other  electrodes  in  (1). 


For  the  short-circuited  case,  |0p}  =  |0|,  the  corresponding  row  and  column  are  removed  and 
the  ( 1 )  becomes 

|(|K.u,|  -|K,J4[Kooi4^|Ko„J„)-o)-|M]i  =  0  ^2) 

For  the  open-circuited  case,  there  is  no  {Q|  in(l)  and  the  eigen -equation  is  expressed  as 

i((K,J  -|K,J|K^or'lKoul)-w^lMl|  =  ()  ^3^ 

The  natural  frequencies  from  the  free  electromechanical  vibrations  are  shown  in  Table  1 . 


Table  1 .  natural  frequencies  for  short  and  open-circuited  case 


L  <1  J 
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14 

f5 

f6 

1  ShonCasc  1 

0..S54H 

0.7S,t4 

0.7840 

1.2279 

1..7170 

[  0..^2I0  1 

1  ()..S53() 

O.SHO.t  1 

O.XO.SI  1 

f.22«6 

r..^240 

In  Table  I ..  we  only  find  that  the  third  and  fourth  modes  have  significant  difference  between 
their  resonance  (shorted)  and  antiresonance  (open)  which  are  the  thickness  vibration  modes. 
They  display  strong  electromechanical  coupling.  In  tran.sducer  applications,  we  operate  the 
transducer  at  its  thickness  mode  in  order  to  obtain  a  higher  transmission  efficiency. 


4.  Actuator  Dynamic  Response  Analysis 


Since  the  transducer  array  is  periodic,  we  can  expects  the  acoustic  field  in  the  fluid  as  a 
summation  of  Floquet  modes.  The  forcing  vector  in  ( 1 )  is  due  to  a  fluid  loading  matrix 
which  can  be  transferred  to  the  left  hand  side  and  becomes  part  of  the  damping  matrix  |D1  in 
the  generalized  stiffness  matrix  IK.jul  in  (4).  If  we  consider  the  transducer  as  an  actuator 
device  interacting  with  the  surrounding  medium  Eq.  (l)can  be  expressed  into  the  new  form. 


|K„J 

|K„ol  j 

(K,or 

IKpoi  ! 

I  l“l  1  J  iol  1 


(4) 


where 


IK;„l  =  |Ku„l  -i(0(|D|  -|D,|  )  -0)-|M| 


For  a  given  driving  voltage  we  can  use  (4)  to  get  the  admittance  values.  The  admittan  ■ ' 
is  defined  as 
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Y  (Admittance)  ='^  ^  Qi 

(5) 

where  V  is  a  applied  voltage,  Qj  is  the  electrical  charge  of  element  nodes  on  the  electrodes. 
The  admittance  plot  is  shown  in  Fig.  2. 


Electrical  Admittance  (  Material  Loss) 


Frequency  (MHz) 

Fig.  2  Input  Electric  Admittance 


Voltage  Excited  on  the  Neighboring  Electrode 


The  excited  voltage  on  the  adjacent  electrode  plotted  in  Fig.  illustrates  that  the  maximum 
voltage  excited  occurs  at  the  open-circuited  operation  which  is  in  reasonable  agreement  with 
realistic  sensor  application. 

As  the  operating  frequency  approaches  the  thickness  resonance  the  equipotential  contour 
gradually  forms  a  circle  and  therefore  diverges  out  after  resonance.  Here,  we  only  show  the 
equipotential  distribution  at  its  thickness  vibration  mode  in  Fig.4. 
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Equipotential  Distribution  in  a  Transducer  {CB@0.78MHz) 


t= 


X  coordinate  (cTirn) 


Voltage 


rig.  4.  The  euqipotential  distribution  in  the  composite  transducer  array 


.‘S.  CONCLUSIONS 

The  finite  element  approach  for  the  analysis  and  design  of  composite  piezoceratnic  actuator 
transducers  has  been  developed  in  a  more  general  fomi.  This  finite  element  approach  allow 
for  electroelastic  vibration  analyses,  tlynamic  analysis  including  general  material  damping  and 
dielectric  loss  terms.  An  example  based  on  a  two-dimensional  composite  transducer  ;irr;i> 
illustrates  the  electroelastic  vibration  analyses  for  both  shorted  and  open-circuiicii  cases.  An 
input  electrical  admittance  spectrum  is  presented  for  a  tran.sducer  with  material  losses.  The 
material  damping  is  not  restricted  to  a  proportional  damping  in  our  computation.  .Also,  by  use 
of  rioquet's  theorem,  the  fluid  loading  effect  can  be  easily  combineil  with  the  material 
damping  matrix.  For  an  applied  voltage  on  a  selective  PZT  element,  the  voltage  excited  on 
neighboring  electrodes  can  be  calculated  to  determine  the  cross-talk  effect  between  adjacent 
P/.T  elements.  Stress  analysis  and  defomiation  are  also  available  upon  design  requirement. 
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ABSTRACT:  Studies  on  smart  continua  with  integrated  sensor/actuator  for 
structural  identification  and  control  have  drawn  much  attention  in  recent  years. 
This  paper  is  devoted  to  a  new  piezoelectric  finite  element  development  with 
applications  to  smart  ctuitinua.  Hamilton’s  principle  and  variational  equation 
are  used  to  derive  the  thin  piezoelectric  solid  element.  Proportional  feedback  — 
constant  gain  -  feedback  control  is  also  implemented  in  the  finite  element 
program.  A  square  plate  with  four-pair  colocated  segmented  distributed  sensors 
and  actuators  is  studied.  Finite  element  results  are  closely  compared  with 
analytical  solutions. 


1.  INTRODUCTION 

Smart  continua  integrated  with  distributed  sensors  and  actuators  suggest  a  great 
potential  for  design  of  new— generation  high-performance  structures  and  systems.  In 
this  paper,  thin  piezoelectric  layers  are  coupled  with  conventional  elastic  continua 
and  are  used  as  distributed  sensors  or  distributed  actuators  in  smart  continua. 
Piezoelectric  materials,  rigid  and  flexible,  were  used  in  a  number  of  smart  structural 
design  and  applications.  Flexible  piezoelectric  PVDF  was  used  in  vibration  control 
and  active  damping  of  beam  structures  (Tzou,  1987;  Plumb,  et  al.,  1987).  Rigid 
crystalline  piezoceramics  were  also  applied  to  a  distributed  sensor/actuator  for  beam 
structures  (Hanagud  <U  Cbal,  1988;  Crawley  k  de  Luis,  1987)  and  a  longitudinal 
actuation  in  space  truss  structures  (Fanson  k.  Garba,  1988).  A  theory  on 
multi-layered  shells  coupled  with  the  piezoelectric  shell  actuators  was  derived  and 
evaluated  (Tzou  k  Gadre,  1989).  New  distributed  sensing/control  theory  for  a 
generic  shell  continuum  was  also  proposed  and  evaluated  (Tzou.  1991).  In  this  study, 
a  new  thin  piezoelectric  finite  element  is  form.iilated  and  a  general  purpose  computer 
code  capable  of  analyzing  elastic/piezoelectric  coupled  continua  is  developed. 

Piezoelectric  isoparametric  hexahedron  and  tetrahedral  Finite  elements  were 
formulated  and  applied  to  piezoceramic  transducer  designs  (Nailon,  et  al.,  19S,‘L  .Allik 
k  Hughes,  1979).  However,  the  derived  isoparametric  elements  arc  too  thick  for  thin 
continuum  applications.  In  this  paper,  development  of  a  new  "thin"  piezoelectric 
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solid  element  with  internal  degrees  of  freedom  (DOF')  is  presented  and  application  to 
distributed  structural  identification  and  control  of  continua  is  demonstrated. 


2.  A  THIN  PIFfZOELECTRIC  ELEMENT 

In  this  section,  a  thin  piezoelectric  finite  solid  element  with  internal  DOF'’s  is  derived 
using  a  variational  principle.  The  system  matrix  equation  is  also  formulated  via 
assembling  all  element  matrices.  The  variational  equation  for  a  piezoelectric  solid 
can  be  derived  as  (Tzou  &  Tseng,  1990) 


r  L 


-  {«}^[cJ{S}  +  {AS}l[eHE}  -  {^:}'[e]  {Sj  - 

^  =  0 ,  (1) 


'S'J 


where  p  is  the  mass  density,  q  the  velocity  (time  derivative  of  the  displacement  q), 
{S}  the  strain  vector,  fc]  elasticity  matrix,  {Rf  electric  field  vector,  [e]  the  dielectric 
permittivity  matrix.  [(]  the  dielectric  matrix.  is  the  body  force.  S-,  the  effective 

surface  area,  {P^}  the  .surface  force,  {P^.}  the  concentrated  load.  6  the  electric 

potential,  and  a  the  surface  charge.  Note  that  (•f'"  or  denotes  vector  or  matrix 
transpose.  To  derive  the  electroelastic  matrix  relationship  for  a  piezoelectric  finite 
element,  one  needs  to  define  shape  function  matrices  [.N^]  and  [.N^]  and  e.xpress 

displacement  {q}  and  strain  (S}  in  terms  of  nodal  coordinates.  .As  discussed 
previously,  the  distributed  piezoelectric  sensor/actuator  is  about  two  to  three  orders 
thinner  than  the  master  elastic  continua.  Thus,  three  internal  DOF's  are  added  into 
the  thin  eight— node  solid  element  formulation  (Tzou  k  'Pseng,  1990).  T’hus,  the 
system  equations  can  be  derived  as 


[M  1  n 
^  qq^ 

n  oj 


{q} 


+ 


[C  ]  0 

^  qq' 

0  0 


q} 


+ 


[\ql 


{q} 


f{F} 

{C.} 


(2) 


denote  the  system  mass,  damping  (proportional 
respectively;  {F'}  is  the  external  mechanical 


where  [,M  I,  [C  ],  and  [K  T 
^  qq*  ^  qq'  ^  qo‘ 

damping),  and  stiffness  matrices,  respectively;  (Fj  is 
excitation;  and  (G)  is  the  electrical  excitation.  In  active  vibration  control 
applications.  {G}  can  be  used  as  feedback  voltages  determined  by  control  algorithms. 
Note  that  the  mechanical  equation  is  clo.sely  coupled  with  the  electrical  equation.  In 
order  to  improve  computation  efficiency.  Guyan’s  reduction  scheme  is  implemented 
in  the  finite  element  code.  .A  congruent  transformation  matrix  [T^j  can  be  calculated 

using  the  static  system  equation. 


r-l 


(3) 


T  hus,  the  condensed  system  equation  becomes 


l'l,„IO)  +  +  [K  101  =  |K)  . 


(4) 
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when'  lKl  =  [K  1  —  [K  Note  that  there  are  two  excitation  forces 

associated  with  the  piezoelectric  structures,  i.e.,  the  me'  hanical  forces  and  the  electric 
forces,  'l  ime  history  responses  of  the  piezoelectric  smart  system  are  calculated  using 
a  time— domain  direct  integration  algorithm  —  the  modified  Wilson— method  and  a 
pseudo— force  method  (  Tzou  Schiffi  1987)  to  accommodate  the  control  forces.  Note 
that  the  derived  piezoelectric  finite  element  was  verified  using  both  analytical 
techii'ques  and  laboratory  experiments  for  simple  cases. 


3.  SMART  CONTINUA 

The  basic  configuration  of  a  smart  continuum  is  composed  of  a  master  elastic 
structure  coupled  and/or  enibedded  with  piezoelectric  thin  layers  acting  as 
distributed  sensors  and  the  actuators,  respectively.  In  general,  distributed 
piezoelectric  sensor  layer  can  respond  to  structural  vibration  and  generate  electric 
signal  representing  the  current  dynamic  state.  The  electric  potential  vector  {p}  can 
be  calculated  by 

{0}  =  lK,g-'!  {G}-[K,g{q}j.  (5) 

Note  that  (G}  is  usually  zero  in  the  distributed  sensor  layer.  Thus,  the  distributed 
sensor  output  is  estimated  by 

That  is  the  nodal  output  amplitude  vector  is  contributed  by  nodal  displacement 
vector  at  a  given  time  or  state  The  distributed  sensor  generates  voltage  outputs 
when  the  structure  is  oscillating:  and  the  signal  can  be  amplified  and  fed  back  into 
the  distributed  actuator.  Thus,  the  control  strategy  is  established  such  that  the 
I'lritrol  (counteracting)  moment  generated  will  oppose  the  motion  in  the  transverse 
direction. 

In  feedback  controls,  the  electric  force  component  can  be  regarded  as  a  feedback 
control  force  {Ff}: 

C'l,  (7) 

.Note  that  {G}  is  a  function  of  feedback  voltage  in  terms  of  the  output  signal  from  the 
distributed  sensing  layer.  Thus,  the  system  equation  with  velocity  feedback  can  be 
rewritten  as 

‘  +  iGn'ii  =  tn  ■  (*) 

where  [f]  is  a  gain  matrix  which  can  be  determined  by  various  control  algorithms  to 
achieve  different  control  effectiveness  The  control  force  induced  by  the  feedback 
surface  voltage/charge  can  effectively  enhance  the  system  damping  and  therefore 
suppress  the  vibration  of  a  smart  continuum.  Gonstant  gain  proportional  feedback 
control  IS  implemented  in  the  program.  In  this  case,  the  feedback  gain  is  constant 
while  the  feedback  amplitude  varies  with  respect  to  the  negative  oscillating  velocity 
[ncQativc  irlocity.  constant  gam  proportional  feedback  control],  i.e., 
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(9) 


I'iriic  history  responses  are  calculated  by  a  time— domain  integrated  technique  (Tzou 
St  Schiff,  1987). 


4.  CASK  STUDY 

.\  square  plate  (4(lcm><  U)cm«  1  .fiem)  made  of  plexiglas  is  coupled  with  four  pair  of 
segmented  distributed  piezoelectric  polyvinylidene  fluoride  (P\'DF)  polymer  layers 
(  to /itn)  on  the  top  and  bottom  surfaces.  Figure  I.  The  bottom  four  distributed 
pieces  are  used  as  segmented  sensors  and  the  t(.)p  hnir  pieces  as  segmented  actuators. 
Note  that  the  sensor  and  actuator  are  colocated  on  the  square  plate.  The  plate  has 
simply  supported  boundary  conditions.  It  is  intended  to  use  the  segmented  sensors  to 
monitor  the  plate  oscillation  and  the  actuators  to  control  the  plate  oscillation.  It  is 
also  assumed  that  the  plate  has  a  1%  initial  damping. 


Fig.  I  A  plate  with  four— pair  colocated  segmented  distributed 
piezoelectric  sensor/actuator. 

The  threc^layered  square  elastic  plate  is  divided  into  289  elements  and  the  signal 
piece  of  piezoelectric  sensor  or  actuator  is  divided  into  49  elements.  'I'here  are  3924 
degrees  of  freedom  initially  and  it  is  reduced  to  324  degrees  of  freedom  after 
reduction  d'he  first  three  natural  frequencies  are  calculated  analytically  and 
numerically:  (1.1)— mode:  15.4  (theory)  and  15.3  (FKA);  (l,2)-mode:  38.4  (theory) 
and  41.7  (FF..\);  (2,2)-mode:  61.4  (theory)  and  70.6  (FF,.^).  The  natural  frequencies 
are  compared  well  for  the  lower  modes  and  deviated  for  the  higher  modes.  The  error 
for  the  first  mode  is  3.2%.  .Active  control  of  the  first  mode  oscillation  using  the 
segmented  sensors  and  actuators  is  studied  next. 

.\s  discussed  previously,  there  are  four  pairs  of  these  colocated  sensors  and  actuators 
1  he  sensor  information  are  processed  and  fed  back  to  the  top  colocated  actuators 
using  the  control  algorithm.  Control  effectivenesses  of  various  fcedback  gains  are 
compared  Note  that  only  the  first  bending  mode  is  studied.  .\n  initial  displacement 
of  the  first  mode  is  imposed  for  the  square  plate  and  the  snap  back  responses, 
uncontrolled  and  controlled,  are  studied.  The  snap— back  free  response  of  the  square 
(ilate  IS  shown  in  Figure  2. 
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Fig.2.  Snap  back  response  of  the  plate. 

Ten-percent  settling  lime  for  the  free  oscillation  is  estimated  to  be  2.38  sec  and  a 
theoretical  calculation  is  2.41  sec.  Closed-loop  feedback  controls  of  the  plate  using 
the  four— pair  colocated  segmented  sensors  and  actuators  are  also  sttidied.  Control 
response  via  the  constant  gain  feedback  control  has  similar  time  history  which 
converges  faster  than  Figure  2.  (Due  to  page  limitation,  it  is  not  shown  here.) 
Ten-percent  settling  time  for  the  above  case  is  estimated  to  be  0.98  sec  while  a 
theoretical  estimation  is  0.85  sec.  Note  that  the  mechanical  properties  of  the 
segmented  sensors/actuators  w^ere  not  considered  in  theoretical  calculation.  Figure  3 
shows  the  10%  settling  time  of  the  plate  with  various  control  gains. 


Fig. 3.  10%  setting  time  v  s.  feedback  gains. 

It  shows  that  as  the  feedback  gain  increases,  the  snap  back  response  converges  faster, 
1  e  ,  the  plate  is  better  controlled. 


5  CONCLUDING  REMARKS 

Smart  continua  with  integrated  sensors  and  actuators  provide  great  potentials  in 
many  engineering  designs  and  applications.  In  this  paper,  a  new  thin  piezoelectric 
finite  element  was  developed  and  application  to  structural  monitoring  and  control 
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illustrated.  A  variational  principle  and  a  finite  element  discretization  technique  were 
used  to  derive  the  dynamic  system  equations.  Constant  gain  feedback  control  was 
also  implemented  in  the  computer  program. 

.■\  simply  supported  thin  square  plate  with  four-pair  colocated  segmented  distributed 
piezoelectric  sensors  and  actuators  was  studied  and  effectiveness  evaluated.  It 
showed  that  the  plate  settles  faster  as  the  fcHtdback  gain  increases.  Finite  element 
results  were  compared  with  the  theoretical  solutions  favorably.  However,  it  should  be 
noted  that  the  feedback  voltage  is  limited  by  a  "breakdown"  voltage.  That  is  the 
piezoelectric  material  becomes  useless  in  both  distributed  sensing  and  control 
applications. 
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Stress  reduction  in  an  isotropic  plate  with  a  hole  by  applied  induced  strains 


M.  J.  Palentera  ,  P.  K.  Sensharma  ,  R.  T.  Haftka 
Virginia  Polytechnic  Institute  and  State  University,  Blacksburg,  VA  24061 

ABSTRACT;  Recently  there  has  been  much  interest  in  adaptive  structures 
that  can  respond  to  a  varying  environment  by  changing  their  properties. 
Shape  memory  alloys  and  piezoelectric  materials  can  be  used  as  induced 
strain  actuators  to  reduce  stresses  in  the  regions  of  stress  concentration. 

The  objecti\e  of  our  work  was  to  find  the  ma.ximum  possible  reduction  in 
the  stress  concentration  factor  in  an  isotropic  plate  with  a  hole  by  applying 
induced  strains  in  a  small  area  near  the  hole.  Induced  strains  were  simulated 
by  thermal  expansion. 


1.  INTRODUCTION 

Recently  there  has  been  much  interest  in  adaptive  structures  that  can  respond  to 
a  varying  environment  by  changing  their  properties.  Piezoelectric  materials  and 
shape  memory  alloys  (SMA)  are  often  used  to  create  such  adaptivity  by  applied 
energy,  usually  electric  current.  Due  to  these  adaptive  properties.  SMA  and 
piezoelectric  materials  can  be  used  as  actuators  as  shown  by  Rogers  and  Lin 
(1991)  and  Crawley  and  Luis  (1987).  These  actuators  can  be  used  to  induce 
strains  in  structures  and  reduce  stresses  in  regions  of  stress  concentration. 

The  objective  of  our  work  was  to  find  the  maximum  possible  reduction  in  the 
stress  concentration  factor  in  an  isotropic  plate  with  a  hole  by  applying  induced 
strains  in  a  small  area  near  the  hole.  Induced  strains  were  simulated  by  thermal 
expansion.  Both  analytical  optimization  methods  and  numerical  optimization 
based  on  finite  element  simulations  were  used  to  obtain  optimal  axisymmctric  and 
non-axisymmetric  induced  strain  distributions. 


2.  PROBLEM  DEFINITION 

A  thin  30  in.  square  plate  with  a  1  in.  circular  hole  under  uniaxial  tensile  loading 
S  (lOksi),  as  shown  in  Figure  I  was  used  throughout  this  study.  The  plate  is 
made  of  aluminium  with  Young's  modulus  E  =  I.0E07  psi  ,  Poisson's  ratio  v  = 
0.3,  and  coefficient  of  thc.mal  expansion  a  =  2.3E-05  l/*^  C.  The  plate  was 
treated  analytically  as  an  infinite  plate.  The  radial  stress  (  <7^  )«  tangential  stress 
(  Of) ),  and  shear  stress  (  )  distributions  for  this  case  are  given  by  Timoshenko 

(1970). 

Our  goal  was  to  reduce  the  stress  concentration  as  measured  by  Von-Mises  or  the 
maximum  shear  stress  criteria  by  adding  axisymmetric  and  non-axisymmetric 
induced  strain  fields  over  a  minimal  region  of  the  plate.  Without  the  induced 
strain  field,  ae  varies  from  3S  to  -S  around  the  edge  of  the  hole.  Since  it  is  the 
only  nonzero  stress  component  there,  the  stress  concentration  factor  is  3.  An 
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axisymmctric  induced  strain  can  lower  that  stress  concentration  no  lower  than  2 
(when  the  variation  will  be  between  2  and  -2). 

In  the  non-axisymmctric  case,  however,  the  stress  concentration  factor  can  be 
reduced  below  2  because  the  stresses  can  be  reduced  at  one  point  (i.e..  6  = 
without  affecting  stresses  at  other  points  (i.e.,  0  =  0).  ^ 


npn  I;  PUe  wftti  i  hit  nbjtct  (o  uiuiil 

1*14 ln| 


PIfirt  2;  Finite  element  mob  it  tbe  bole  region 


For  the  finite  clement  analysis,  a  quarter  plate  model  shown  in  Figure  2  was 
analyzed  using  the  EAL.  The  basic  clement  mesh  of  the  plate  was  formed  by 
four-node  quadrilateral  elements.  The  hole  region,  as  well  as  the  transition  from 
dense  to  coarser  element  mesh  was  modeled  with  3-nodc  triangular  elements.  The 
model  consists  of  234  three-node  and  176  four-node  membrane  elements.  The 
plate  was  loaded  in  unidirectional  tension  by  applying  a  constant  displacement 
at  one  end  of  the  quarter  plate  model.  Axisymmctric  induced  strain  variation  is 
applied  separately  to  fisc  constant-width  rings  of  elements  around  the  hole.  The 
inner  and  outer  radii  of  these  rings  arc  0.500-0.515  in..  0.515-0.530  in.. 
0.530-0.580  in.,  0.5S0-0.650  in.,  and  0.650-0.750  in..  In  the  non-axisymmctric 
case,  the  induced  strain  distribution  in  the  tangential  direction  was  formed  by 
dividing  the  five  rings  into  constant  strain  sectors. 

3.  PROBLEM  FORMULATION 

For  the  numerical  optimization  we  seek  the  induced  strain  distribution  that 
minimizes  the  maximum  stress  in  the  plate.  However,  the  maximum  stress  is  not 
a  smooth  function  of  the  design  variables.  This  problem  is  sol\cd  by  adding  the 
value  of  the  maximum  stress,  ffmax  •  a'-  an  additional  design  variable. 
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The  optimization  problem  is  then  formulated  as 
minimize 

such  that  ^  -  (1) 

where  k=l,2 . ,n  are  the  design  variables,  which  are  the  values  of  the 

induced  strains  in  n  regions  of  the  plate.  The  other  design  variable  is  ffmax  which 
is  also  the  objective  function.  The  constraints  require  that  the  equivalent  stress, 
Ofq  is  lower  than  ffmax  3t  Ug  clement  centers. 

Numerical  optimization  was  carried  out  with  the  finite  element  model  described 
in  the  previous  section.  The  optimization  employs  sequential  linear  programming 
using  the  MINOS  package,  Murtagh  and  Saunders  (1983). 

4.  ANALYTICAL  OPTIMIZ.4TION 
4.1.  Axisymmetric  case 

As  mentioned  earlier,  the  plate  was  treated  analytically  as  an  infinite  plate.  We 
consider  a  circular  ring  around  the  hole  with  induced  strains  cd  =  to'  =  t‘.  The 
stresses  and  deformations  in  a  circular  ring  with  radial  induced  strain  variation 
will  be  a  function  of  radius  only.  The  stress  distributions  arc  given  in  Burgreen 
(1971).  It  was  found  that  applying  axisymmetric  induced  strains  in  an  isotropic 
circular  ring  docs  not  have  any  effect  on  the  interior  stresses.  This  property  was 
used  to  find  the  optimized  induced  strain  distributions.  For  a  genera!  case,  where 
K  is  the  desired  stress  concentration  factor,  the  optimized  induced  strain 
distribution  to  reduce  the  tangential  stress  to  K  (K  =2  in  this  case)  was  obtained 
as 


€'(r)  =  ^C/f4  +  (4)'*  +  2(l  -  Al]  (2) 

Induced  strain  distributions  for  Von-Mises  and  maximum  shear  stress  criteria 
were  also  obtained  by  integrating  ODE.  All  three  induced  strain  distributions 
are  shown  in  Figure  3.  We  can  see  that  for  these  three  stress  criteria,  the  induced 
strains  are  applied  o\cr  r<  1.25.4,  r<  1.21/1,  and  r  <  1.17/1  respccli\cly.  The 
maximum  shear  stress  criteria  gi\cs  the  smallest  region  over  which  the  induced 
strains  arc  applied.  Optimized  induced  strain  distribution  for  this  case  can  be 
approximated  very  closely  by  the  following  expression 

=  4  4  <  4  )"*  +  2(  1  -  A1]  (3) 

To  better  simulate  fiber  type  actuators,  the  problem  was  solved  with  only- 
tangential  strain  (i.e.,  zd  =  0).  Optimized  induced  strains  were  found  slightly 
higher  than  that  required  for  the  isotropic  induced  strain  case. 

4.2.  Non-axlsymmetric  case 

Analy  tical  solutions  of  stresses  for  non-axisymmetric  induced  strain  distributions 
were  obtained  using  a  stress  function  (t>{r.  6)  developed  by  Forray  (1958)  for  the 
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case  of  applied  temperature  T(r,0).  The  plane-stress  equations  of  equilibrium 
and  compatibility  are  satisfied  if  the  stress  function  4>(r,  0)  is  obtained  such  that 

vV  =  -  EotV^T  (4) 

For  the  case  of  isotropic  induced  strains,  =  £(?' =  c',  we  can  replace  ixT  by  c'. 
For  a  prescribed  induced  strain  distribution  £'(£,  0)  in  the  form 

OO 

£'(r-  0)  =  Po  ('•)  (O  COS  riO  +  Q„  (r)  sin  .•:0]  (5) 

/=  1 

the  complete  solution  of  equation  (4)  can  be  found  in  Forray. 

Similar  to  axisymmctric  case,  we  apply  induced  strain  distributions  over  a  region 
A  <  r  <  R,  where  R  =  1.5A.  The  non-axisymmetric  induced  strain  distribution 
was  chosen  as 

rV,  0)  =  -  (»-)cos20  (6) 

The  abo\e  induced  strain  distribution  was  chosen  because  it  produces 
compressi\  e  stresses  over  45*^’  <  0  <  90'*  and  tensile  stresses  over  ^  0  <  45^'  of 
the  plate  and  hence  will  reduce  the  sitcss  concentration  over  the  critical  region. 


Fl|n  ];  OpUaiae^  Maced  ilrM  dWrikKiiw  tw 
aiii;BBe(rk  ok  (latljtkti  MtiUoal 


Fiian  4;  lidtctd  ttnia  diitribilMu  hr  Buiinm 
ihir  itrm  (laaljticil  lalitiaB) 


To  optimize  the  induced  strr  n  distribution,  the  induced  strain  was  assumed  to 
be  of  the  form 

£'(r.  0}  =  ~  ^-,\c 'M'")  cos  2d  (7) 

Equations  (2)  and  (31  were  used  as  and  £',v(r)  respectively.  The  values  of 

K  were  ad’ustcd  such  ,hat  the  induced  strains  become  zero  at  r  =  1.5A.  The  two 
variables  /,)  and  /v  were  found  oy  sequential  linear  programming  problem 
using  MINOS.  The  stress  concentration  factor  for  maximum  shear  stress 
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criterion  was  reduced  to  1.46  and  corresponding  values  of  /-4  and  were 
obtained  ns  0.7612  and  0.5414  respecti\ely.  The  induced  strain  distributions  at 
0  =  0'’'45"'90"  are  shown  in  Figure  4. 


5.  MMERIC.AL  OPTIMIZATION 

5.1.  Axisynimetric  case 

The  ana!',  til  al  solution  for  the  tangential  stress  minimization  of  eqn.  (2)  was  used 
as  a  stariirg  point  for  the  numerical  optimization.  The  optimal  applied  strain 
distributi'',is  for  the  three  stress  criteria  are  shown  in  Figure  5.  The  stress 
concentration  factor  ftn  tangential.  Von-Mises  and  maximum  shear  stress  criteria 
were  reduced  to  1.96,  1.9'^  and  1.^8  respectitely.  The  same  problem  was  sohed 
for  the  case  r/  ~  0  and  optimized  induced  strain  distributions  were  slightly 
highei'  than  the  strains  required  for  the  isotropic  expansitm  case. 

5.2.  Non-axisymmetric  case 

Strains  were  first  applied  on  the  fi\c  rim.’s  for  a  sector  45''  <  0  <  91)"  in  the 
quarter  pliiic  model.  The  optimal  Arain  d)'';.'.'bu!;ons  arc  sht'wn  in  Figure  6.  The 
stress  concentrations,  as  measured  by  the  \'on-Mises  and  maximum  shear 
s’.iesscs.  wcie  leduced  to  1.62  and  1.56.  lespectisely.  Next,  strains  were  aKt) 
applied  on  the  sector  O"  <  0  <  45".  thus  leading  t(<  a  ten-\ariablc  represcntatii'n 
of  tiie  str.iin  distributiims.  Acre  little  impnnement  was  ('bserced.  Finalls.  the 
strain  distribution  was  obtained  by  dividing  the  quarter  plate  into  four  sectors, 
22.5"  each,  leading  to  a  twcnis-\ariable  representation  of  the  strain  distribution. 
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Again,  almost  no  impro\cmenl  over  the  five-variable  case  was  observed. 
However,  the  induced  strtiin  distributions  obtained  for  these  two  cases  are  quite 
different.  Optimal  induced  strain  distributions  to  minimize  \'on-Miscs  and 
maximum  shear  stresses  were  also  found  for  four  different  cases,  in  which  the 
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induced  strain  values  were  constrained.  The  four  cases  were;  (1)  c' >  0,  (2) 
-1.38E-3  <£'<  1.38E-3,  (3)  -1.15E-3  <  t' <  1.15E-3.  (4)  0  <  c' <  1.38E-3. 
Practically  the  same  reductions  are  achie\cd  in  the  constrained  cases  as  in  the 
non-constrained  case. 


6.  CONCLUSIONS 

Analytical  and  numerical  optimization  were  used  to  demonstrate  that  stress 
concentration  factors  for  a  plate  with  a  hole  can  be  reduced  substantially  by 
applying  induced  strains  over  a  small  area  of  the  plate.  With  axistmmetric 
induced  strain  distributions  the  stress  concentration  factor  was  reduced  from  3 
to  2.  Induced  strains  were  required  in  a  ring  around  the  hole  with  an  outer 
diameter  of  1.17  times  the  hole  diameter.  W'hen  induced  strains  were  applied 
only  in  the  tangential  direction,  the  same  stress  reduction  was  achicced  with  a 
slightly  different  induced  strain  distribution.  Non-axisymmctric  induced  strain 
distributions  were  able  to  reduce  the  stress  concentration  factor  to  1.46  with 
induced  strains  applied  to  an  area  with  outer  diameter  1.5  times  the  diameter  t>f 
the  hoie.  By  increasing  this  area  larger  stress  reductions  could  be  achic\cd. 
Constraints  imposed  on  the  the  magnitude  of  the  applied  induced  strain  led  to 
only  slightly  higher  maximum  stresses.  The  results  obtained  by  analytical 
optimization  and  numerical  optimization  were  quite  close. 
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Interferometric  signal  processing  for  strain  and  vibration  sensing  using 
two-mode  and  Bragg  grating  fiber  sensors 
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Optical  Techniques  Branch,  Code  6574,  Naval  Research  Laboratory, 

Washington,  D.C.  20375 

ABSTRACT;  Phase  shift  detection  techniques  for  two  beam  fiber  optic 
interferometric  sensors  are  well  developed  and  have  been  used  in  a  number  of 
important  system  demonstrations  of  the  technology.  In  this  paper  we  discuss 
fiber  sensor  types  which  utilize  variant  interferometric  signal  processing 
techniques  to  provide  high  resolution  strain  and  vibration  sensing  for  smart 
structures  applications. 


I.  INTRODLCTION 

A  range  of  interferometric  fiber  optic  sensors  have  been  demonstrated  over  the  years  to 
monitor  a  variety  of  different  parameters  [1]  including  magnetic  [2]  and  acoustic  [3]  fields. 
With  these  sensors,  the  measurand  field  induces  fiber  strain  which  in  turn  results  in  a  phase 
shift  in  the  interferometer  output.  Several  different  methods  have  been  demonstrated  to 
recover  phase  shift  information  from  a  remote  two-beam  interferometer  in  a  passive  mode 
[4,5 1  using  laser  frequency  modulation  concepts.  These  techniques  have  also  been  adapted 
to  measure  not  just  relative  phase  changes,  but  absolute  changes  in  interferometer  phase 
[6,71  and  thus  optical  path  imbalance.  Here  we  show  how  such  interferometric-type  signal 
processing  concepts  can  also  be  used  with  other  sensor  types,  specifically  dual-mode  e-core 
anu  fiber  grating  based  fiber  sensors. 

II.  Principle 

A  fiber  interferometer  with  a  path  imbalance  AL  between  the  arms  is  a  wavelength- 
dependent  device.  If  the  source  light  coupled  to  the  device  is  frequency  modulated,  the 
interferometer  output  is  phase  modulated  and  can  described  by 

1  =  A(  1 -I- kcos(0p  +  Atjisincot))  (1) 

where  A  is  a  constant  determined  by  the  source  power,  losses  in  the  system  due  to  couplers, 
etc.,  k  is  the  interference  visibility,  which  depends  on  polarization  differences  between  the 
recombining  beams,  splitting  ratio  of  the  couplers,  ana  the  source  coherence  properties,  <[) 
is  the  bias  phase  term  of  the  interferometer  and  A<J)  is  the  laser-modulation-induced  phase 
carrier  amplitude  given  by 

A<i)  =  27rAvALn/c  (2) 

with,  Av  the  frequency  deviation  of  the  laser  emission  frequency,  O)  the  modulation 
frequency,  AL  the  optical  path  difference,  and  n  the  effective  index.  Expansion  of  Eqn  (1) 
shows  that  this  phase  modulated  output  contains  a  series  of  even  and  odd  harmonics  of  co 
that  vary  as  cosine  and  sine  respectively  of  the  phase  term  <[)  .  By  synchronous  detection  at 
the  first  and  second  harmonics  of  co,  the  following  quadrature  phase  signals  can  be 
obtained; 

IW,''  lOP  Piihit-sfirni?  I  rd 
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J,  =  2AkJ,(A(l))sin<»jj 

and; 

I2  =  2AkJ2(  A0)cos(!)^ 

where  Jj  and  J2  are  the  Bessel  functions  of  the  first  kind.  These  two  signals  can  be 
balancea  by  adjusting  the  depth  of  FM  modulation  to  AtJ)  =  2.6  radians  where  J,  is  equal  in 
magnitude  to  the  J,  Bessel  function.  With  the.se  quadrature  phase  signals  availaole,  a  linear 
output  corresponding  to  fiber  strain  can  be  readily  obtained  either  by  differentiate  and  cross 
multiply  [4],  or  other  pha.se  tracking  [8]  schemes.  This  laser-FM  based  signal  processing 
concept  is  widely  used  in  interferometric  .sensor  .systems  for  the  passive  remote 
interrogation  of  sensors  designed  for  the  detection  of  weak  time-varying  strain.  The 
scheme  can  also  be  used  to  track  larger  phase  excursions  caused  by  higher  strain  levels 
using,  for  example,  directional  fringe  counting  |9|.  This  technique,  however,  suffers  from 
the  problem  of  ambiguity;  the  phase  shift  measured  indicates  only  a  relative  change  in  fiber 
strain  and  not  the  absolute  change.  The  information  required  to  assess  the  absolute  shift  is. 
how'ever,  contained  in  the  interferometer  output  (Eqns.  1  and  2).  From  Eqn.  2,  the 
amplitude  of  the  laser-FM  induced  phase  shift  A^  is  directly  proportional  to  the 
interferometer  path  imbalance  AL.  Consequently,  changes  in  All  can  be  monitored  by 
precisely  determining  the  induced  phase  carrier  A<>  at  a  given  la.ser  frequency  modulation 
deviation  Av.  A  number  of  approaches  based  on  this  adaptation  of  the  basic  phase 
generated  carrier  (PGC)  technique  have  been  described  for  achieving  quasi-static  (DC) 
strain  sensing  capability  using  an  interferometer.  We  have  investigated  two  schemes,  one 
based  on  a  Jj/Js  Bessel  ratiometric  approach,  and  the  second  on  a  Jq  Bessel  function 
tracking  scheme  (see  refs.  6  and  7  for  details).  In  the  following  sections  we  discuss  how 
this  same  type  of  signal  processing  concept  can  be  u.sed  with  other  sensors  types,  namely 
two-mode  e-core  and  Bragg  grating  sensors,  to  allow  the  remote  passive  detection  of 
strain. 


(3.a) 

(3.b) 


III.  E-CORK  FIBKR  strain  SKNSttR 

Two-mode  elliptical  core  fiber  sensors  have  been  widely  proposed  for  use  in  smart 
materials  and  structures  applications  [  10,1 1 ).  A  two-mode  fiber  sensor  can  be  viewed  as  a 
form  of  common  fiber  two-beam  interferometric  device,  where  the  two  bea.ms  are  formed 
by  the  two  spatial  modes  in  the  fiber.  Due  to  their  different  propagation  constants,  there  is 
an  effective  optical  path  difference  between  the  modes  within  the  fiber.  For  a  range  of  e- 
core  fiber  parameters,  a  suitable  delay  can  be  achieved  between  the  two  modes  .so  that  there 
is  a  phase  dependence  on  laser  frequency  of  the  form  described  by  Eqn  2,  This  dependency 
can  be  expressed  as 


A<!) -- 2rt  -  P,,)  Av  (5) 

where  the  coefficient  k(P(„  -  Pjj)  is  dependent  on  the  difference  in  the  propagation 
constants  P^jj  and  Pjj  of  the  and  EP|  j  even  modes  respectively,  which  are  determined 
by  the  e-core  fiber  parameters  and  source  wavelength.  This  dependence  on  laser  frequency 
allows  interferometric  demodulation  techniques  to  be  u.sed  with  two-mode  e-core  sen.sors  to 
provide  pas.sive  remote  pha.se  interrogation. 

The  use  of  phase-generated  carrier  demodulation  with  a  two-mode  fiber  sensor  was 
demonstrated  using  the  configuration  shown  in  Figure  1.  Light  from  a  0.83  pm  laser  diode 
source  was  coupled  to  single  mode  fiber  which  guided  the  light  to  the  e-core  sensing  fiber. 
This  fiber,  which  was  ~  10  m  in  length,  was  wound  on  a  piezoelectric  transducer  so  that 
test  strains  could  be  applied.  The  output  of  the  e-core  fiber  was  spatially  filtered  using 
single  mode  fiber  in  an  offset  splice  to  produce  a  cosinusoidal  phase  signal  at  the  single¬ 
mode  fiber  output.  Modulation  was  applied  to  the  laser  supply  current  to  produce  a  FM 
induced  phase  carrier  at  the  photodetector  output.  Figure  2  shows  an  example  of  the 
photodetected  signal  when  sinusoidal  modulation  is  applied  to  the  laser  diode  supply 
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Figure  1.  Passively  phase  interrogated  e-core  fiber  sensor  arrangement. 


Fiber  elongation  . ,  not 

Figure  3  Phase  shift  re.sponsivit}-  of  the  e-core  sensor  to  strain  induced  by  a 
piezoelectric  cylinder. 
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current.  To  obtain  sine/cosine  quadrature  phase  signals  a  high  frequency  carrier  of  40  kHz 
was  used  which  was  then  synchronously  detected  at  the  photodetector  output.  Phase  shift 
responsivity  to  fiber  strain  was  determined  by  monitoring  a  phase  carrier  signal  while 
applying  voltage  to  the  piezoelectric  transducer  and  is  shown  in  Figure  3.  From  this 
measurement  the  .strain  responsivity  of  the  fiber  (fiber  elongation  for  a  27t  phase  shift)  was 
calculated  to  be  119  pm.  To  fully  demodulate  the  sine/cosine  signals  and  provide  an  output 
proportional  to  dynamic  fiber  strain,  a  differentiate  and  cross  multiply  circuit  was  used. 
The  noise  floor  of  this  arrangement  was  recorded  at  several  different  frequencies  over  the 
signal  band;  a  phase  sensitivity  of  50  prad/\Hz  or  better  was  achieved  from  20  to  1000  Hz 
which  corresponds  to  a  fiber  length  change  smaller  than  I  nanometer,  or  a  strain  resolution 
of  lO-i'*  for  the  10  m  length  used. 

IV.  Fibkr  (i:  R.\TiNG  Sensor 

In-fiber  Bragg  grating  sensors  [1,21  have  attracted  considerable  interest  over  the  past  few 
years  because  of  their  intrinsic  nature  and  wavelength-encoded  operation.  The.se  sensors 
are  particultu'ly  attractive  for  quasi-distributed  sensing,  as  many  gratings  can  be  written  into 
a  length  of  fiber  and  addressed  using  either  wavelength-division  multiplexing  or  time- 
division  addressing.  Consequently,  these  devices  are  potentially  u.seful  for  a  variety  of 
applications,  ptmicuku-ly  in  the  area  of  advanced  composite  materials  or  ‘smtirt  structures', 
where  fibers  can  be  embedded  into  the  materials  to  allow  real  time  evaluation  of  load, 
strain,  temperature,  vibration  etc. 

The  primary  drawback  of  this  sensing  approach  lies  in  the  detection  of  the  w'avelength  shift. 

of  the  sensor  returns.  This  function  can  be  provided  by  a  spectrometer  or  monochro¬ 
mator.  or  by  a  more  simple  arrangement  involving  a  di.spersive  element  coupled  with  a 
image  array,  such  as  a  CCD  detector  array.  These  systems  are  unattractive  due  to  the  bulk- 
optical  nature,  size  and  lack  of  ruggedness,  and  limited  resolution  capability. 

The  means  used  to  detect  the  wavelength  shift  of  a  grating  sensor  described  here  is  based  on 
the  use  of  an  unbalanced  fiber  interferometer  wavelength  discriminator.  The  proposed 
system  for  a  single  grating  sensor  is  shown  in  Figure  4.  Light  from  a  broadband  source  is 
coupled  into  the  fiber  which  transmits  the  light  to  the  grating  element.  The  wavelength 
component  reflected  back  along  the  fiber  towards  the  source  is  tapped  off  using  a  coupler 
and  fed  to  a  unbalanced  Mach-Zehnder  interferometer.  This  light  effectively  becomes  the 
source  light  into  the  interferometer;  wavelength  shifts  induced  by  perturbation  of  the 
grating  resemble  a  wavelength  (optical  frequency)  modulated  source.  The  interferometer 
output  is  thus  of  the  form  described  by  Eqn  1,  i.e.  I(A.)  =  A(  I  -t-  kcos  (t|/(A.)  -i-  0|,  where 
\^nX)  =  27tru5L/X,  X  is  the  wave-length  of  the  return  light  from  the  grating  sensor  (sensor 
signal)  and  0  is  a  bias  phase  offset  of  the  Mach-Zehnder  interferometer.  The  wavelength 
shift  of  the  grating  signal  is  proportional  to  the  fiber  strain,  Ae,  i.e.  AX  =  y  AE,  y  is  the 
strain-to-wavelength  shift  responsivity  of  the  grating.  For  a  dynamic  strain  induced 
modulation  in  the  reflected  wavelength.  AXsin  wt,  from  the  grating  sensor  element,  the 
change  in  phase  shift  Av(t(t)  is  thus:  At|/(t)=  -{ 27tnALA‘)AXsin  ox. 

In  the  experimental  demonstration  of  the  scheme,  the  broadband  source  used  was  a  diode- 
pumped  Er-doped  fiber  superfluorescent  source,  producing  ~  3(X)  pW  of  output  power  with 
a  ~35  nm  bandwidth  (1530  -  1565  nm).  The  .sensing  grating,  with  nominal  Bragg 
wavelength  of  1545  nm.  was  attached  to  a  piezoelectric  transducer,  which  introduced 
known  dynamic  strain  signals.  Figure  5  shows  the  fiber  grating  transmission  spectrum  over 
the  wavelength  range  1544  to  1546  nm.  The  returned  light  was  coupled  to  a  fiber  Mach- 
Za:hnder  interferometer  of  10  mm  (±  2  mm)  fiber  imbalance  which  was  held  in  quadrature 
by  a  feedback  applied  to  a  p/z  cylinder  fiber  stretcher  in  one  arm.  Balanced  photcxleteciion 
of  the  interferometer  output  was  used  to  provide  intensity  noise  rejection.  Figure  6  shows  a 
power  spectrum  of  the  interferometer  output  observed  with  a  dvnamic  strain  perturbation  of 
0. 12  lie  rms  applied  to  the  fiber  grating  at  a  frequency  of  500  fJz.  The  signal  to  noise  of  the 
component  at  5(X)  Hz  of  46  dB  relative  to  a  I  Hz  bandwidth  and  relatively  flat  noise  floor 


Fihci  -Opili  \  lit 


655 


coupler  grating  sensor 


Figure  4.  Fiber  grating  .sy  stem  with  interferometric  wavelength  shift  determination. 
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Figure  5.  Grating  transrnission  spectrum. 


Figure  6  Interferometer  output  power  spectrum  showing  ~  4  millirad  signal  rms  at 
500  H:  induced  by  dynamic  0.12  pe  rms  strain  applied  to  the  fiber  grating 
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above  UX)  Hz,  sets  a  minimum  detectable  strain  perturbation  of  ~  0.6  ne/\Hz  (  nano- 
strain/VUzl  for  frequencies  greater  than  100  Hz.  The  actual  phase  noise  floor  corresponds 
to  a  level  of  ~  20  |j.rad/\Hz  at  frequencies  above  100  Hz,  limited  by  photodetector  noise. 
The  increased  noise  below  1(X)  Hz  is  attributed  to  direct  environmental  perturbations  of  the 
MZ,  w  hich  could  be  greatly  reduced  by  shortening  and  shielding  of  the  fiber  arms. 

V.  CONCLl  SION.S 

In  summtiry,  we  have  demonstrated  the  use  of  a  common  interferometric  signal  processing 
concept  for  strain  sensing  using  two-mode  e-core  and  Bragg  grating  based  sensors.  High 
resolution  detection  of  weak  dynamic  strain  induced  shifts  in  the  reflection  wavelength 
from  an  in-fiber  Braag  grating  sensor  element  has  been  demonstrated  (dynamic  strain 
resolution  of  ~  0.6  neAHz  at  frequencies  >  1(X)  Hz). 
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Optical  fiber  Fabry-Perot  sensors  for  smart  structures 
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Texas  A&M  University,  College  Station,  Texas  77843 

ABSTRACT  :  A  fiber  Fabry-Perot  interferometric  (FFPI)  sensor  with  internal  mirrors  is 
developed  to  sense  temperature,  strain,  acoustic  w'aves  and  other  physical  perturbations. 
These  sensors  have  been  successfully  embedded  in  composites  and  metal  structures.  The 
perfonnance  of  the  FFPI  sensor  is  demonstrated  and  application  of  these  sensors  ui  smart 
sirucuirvs  is  di.sci..ssed. 


1.  INTRODUCTION 

Fiber  optic  sensors  are  being  developed  widely  for  smart  structures  because  they 
provide  immunity  to  electromagnetic  interference  (EMI),  high  .sensitivity  and  are  amenable  to 
multiiilexing.  Numerous  studies  on  embedding  of  fiber  sensors  in  composites  and  plastic 
have  been  conducted.  However,  most  sensor  designs  have  not  provided  both  high  sensitiv  ity 
and  localized  ptu'ameter  measurement. 

Interferometric  sensing  .schemes  generally  provide  much  higher  sensitivity  than  other 
fiber  sensors.  Most  of  the  interferometric  sensors  investigated  to  date  utilize  Mach-Zehnder. 
Miehelson  or  Sagnac  interferometers.  These  interferometers  require  a  fiber  couple;  winch 
presents  major  impediments  to  both  miniaturazation  and  to  embedding,  I'liey  also  mav 
require  compensation  for  polarization  induced  signal  fading.  The  Fabry-Perot  configuration, 
in  which  the  interferometer  is  formed  by  two  reflectors  in  a  single  mtxie  fiber,  has  been 
shown  to  provide  high  sensitivity  "point"  sensing  and  multiplexing  capability. 

2.  n  IF  FIBER  FABRY-PEROT  INTERFEROMETER 
2, 1  Fabrication  of  Internal  Mirrors 

Over  the  past  several  years,  a  novel  fusion  splicing  technique  for  fabricating  internal 
mirrors  in  continuous  lengths  of  optical  fibers  has  been  developed  at  Texas  A&M  Universitv 
This  technique  produces  a  permanent  joint  between  a  coated  with  a  thin  dielectric  layer  and  an 
uncoated  fibed’h  The  mirror  reflectance  can  be  adjusted  during  the  fusion  process.  Tvpie.il 
coating  thickness  is  lOOOA  for  low  finess  FFPIs.  Reflectances  of  the  individual  mirrors 
ranging  from  less  than  \  9c  to  larger  than  85%  have  been  demonstratedl^l,  with  excess  losses 
of  only  a  few  percent.  Two  of  the.se  mirrors  separated  by  a  length  of  single  mode  liber, 
typically  one  centimeter,  form  the  cavity  of  a  fiber  Fabry-Perot  interferometer  (FFPI). 

The  internal  mirrors  have  good  mechanical  properties  (tensile  strength  is 
approximately  40  kpsi),  which  enable  them  to  withstand  the  thermal  and  mechanic.il  stresses 
expenenced  during  the  process  of  embedding  them  in  a  variety  of  materials.  FITIs  proiluced 
at  Texas  A&M  have  been  embedded  in  graphite-epoxy  composites  in  materials  laboratories  .it 
McDonnell  Douglas  and  Stanford  University.  Recently,  we  have  also  succeeded  in  producing 
cast  aluminium  parts  containing  embedded  FFPI.s. 
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2.2  Principle  of  Fabrv'-Perot  Imeferometer 

A  reflectively  monitored  PPl  is  illustrated 
in  Fig.  1.  For  the  FPl  with  low  reflectance 
mirrors,  R  «1,  the  ratio  of  the  reflected 
optical  power  Pr  to  the  incident  power  Pi  can 
be  approximated  byf^l 

Pr/Pi=  2R  ( 1-  cos  <|)) 

where  <J)  is  the  round-trip  phase  shift  inside  the 
Fig,  1.  Fabry-Perot  Interferometer  cavity,  given  by  0  =  with  L  the  length 

of  the  cavity,  n  its  index  of  refraction,  and  X 
the  free  space  wavelength  of  the  light 

source.  This  result  indicates  that  parameters  such  as  temperature,  strain  or  ultra.sound 
pressure,  which  perturb  the  optical  length  nL  of  the  cavity  can  induce  the  reflected  power  to 
sweep  through  maxima  and  minima  of  interference  fringes.  By  observing  the  reflected 
power  from  the  FFPl,  the  perturbation  can  be  measured. 

.T  PERFORMANCF:  OF  FFPI  SFZNSORS 

.^.1  Temperature  Sensing 


Experiments  with  these  FFPI  sensors  have  been  carried  out  using  pulse  modulated 
1..^  pm  laser  diode  light  sources,  with  the  output  signal  monitored  in  reflection.  A  FFPI 
temperature  .sensor  with  a  1.5mm-long  cavity  has  been  operated  from  -2(X)°C  to  -rI050°C('*'. 
We  believe  that  this  is  still  the  greatest  range  of  operating  temperature  reported  for  any  fiber¬ 
optic  sensor.  Also,  the  perfonnance  of  this  .sensor  in  a  strong  electromagnetic  field 
environment  has  demonstrated*-"’!. 
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Fig.  2.  Temperature  dependence  of  phase 
shift  for  two  FFPI  sensors  and  their  linear  fits. 


A  FFPI  sensor  embedded  in  8  layers 
of  graphite-epoxy  panel  was 
produced  to  measure  the  temperature 
change  of  the  composite  sample^*’*. 
Sensitivity  of  this  embedded  sensor 
was  calculated  and  the  thermal 
expansion  coefficient  of  the 
composite  along  the  fiber  axis  was 
estimated.  Recently  produced  cast 
aluminium  parts  containing 
embedded  FFPIs  were  tested  and  the 
temperature  sensitivity  was 
measured*^!  to  be  almost  three  times 
greater  than  for  the  same  sensor  in  air 
as  shown  in  Fig.  2.  The  difference  is 
attributed  primarily  to  the  length 
change  in  the  fiber  due  to  the  large 
thermal  expansion  coefficient  of  the 
aluminium. 


.’^.2  Strain  Sensing 

For  strain  testing  of  the  composite,  the  FFPI  sensor  was  embedded  between  the 
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F-ig.  3.  Dependence  of  FFPI  phase  shift 
on  strain. 


second  and  third  layer  of  a  16-layei 
graphite/PEEK  coupon.  Two  electric 
strain  gauge  (ESGs)  were  bonded  to 
opposite  side  of  the  sample,  above  anti 
below  the  embedded  FFPI.  A  strain  is 
generated  by  applying  a  load  to  the  center 
of  the  coupon.  Fig.  3  shows  strain 
response  of  the  sensor  calibrated  b\ 
ESGs  at  the  position  of  the  fiber  (2/16)  in 
the  coupon.  The  strain  sensitivity  is 
determined  from  Fig.  3  to  be  9.1  x  U)*’ 
rad/m.  This  value  is  consistent  with  the 
previous  reports  measured  with  a  He- 
Ne  laser  source**^^.  Measurements  were 
also  made  at  elevated  temperatures.  Both 
the  FFPI  and  ESG  showed  good  linearity 


Load  libs)  Load  (lbs) 

Fig.  4.  Response  of  (a)  ESG  and  (b)  FFPI  sensor  at  200  and  300  °F. 

at  2(X)  °F.  However,  as  indicated  by  the  data  of  Fig.  4  (a),  at  300  °F  the  ESG  response  v,  as 
unstable.  Bv  contrast,  the  FTPI  sensor  gave  the  .same  linear  load  profiles  at  2(X)  and  3fX)'F  in 
Fie.  4fb). 


.F3  L  lira.sound  Sensing 

L'ltrasound  sensors  are  widely  u.sed  for  non-destructive  evaluation  (NDE)  of 
structures.  'I'ypical  applications  are  acoustic  emission  detection  and  pulse-echo  testing  using 
piezo  electric  elements.  These  sensors  are  rugged  and  sensitive,  but  their  response  is  strongly 
dependent  on  the  acoustic  frequency.  Also,  they  are  subject  to  EM  interference. 

Ultrasound  sensing  experiment  were  conducted  on  composite  and  cast  aluminium 
parts  with  embedded  FFPls  over  the  frequency  range  of  0.1  to  8  MHz.  Phase  modulation 
indices  were  0.513)  and  1.5  radG)  for  composite  and  aluminium  respectively.  The  "pencil 
breaking"  technique  which  is  .sometimes  u.sed  for  transducer  calibration  was  carried  on  these 
samples.  The  acoustic  shock  waves  generated  on  the  composite  were  detected  by  a  FTP! 
sensor  as  in  Fig.  5.  A  signal  for  triggering  the  oscilloscope  was  provided  by  a  PZT 
transducer  attached  on  the  surface  of  the  sample.  The  PZT  was  also  used  to  generate  an 
acoustic  pulse,  and  the  reflected  acoustic  pulse  wave  was  monitored  with  the  fiber  .sen.sor,  as 
in  Fig.  6.  The  acoustic  delay  of  the  reflected  pulse  corresponds  to  the  transit  time  across  the 
sample  thickness  of  5,4  mm. 
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Fig,  5  Detected  pencil-breaking  (upper)  Fig.6  Acoustic  pulse-echo  signal  (upper) 

and  the  PZT  trigger  signal  (lower  trace).  and  the  pulscr  trigger  signal  (lower  trace). 


4.  DIGITAL  SIGNAL  PROCESSING 

Signals  from  the  reflectively  monitored  FFPl  sensors  are  well  suited  for  processing 
by  digital  means  under  microprocessor  control.  A  processing  system  which  samples  reflecied 
waveforms  from  a  sensor  FFPI  and  a  reference  FFPl  to  produce  a  digital  readout  the  sensor 
temperature  has  been  demonstrated  in  our  laboratory.  This  design  can  be  easily  extended  to 
the  processing  of  signals  from  a  time-division-multiplexed  sensors  using  a  single  light  source 
and  photodetector. 

5.  CONCLUSION 

In  conclusion,  FFPl  sensors  have  been  embedded  in  structural  materials  of  interest 
for  "smart  skins  '  applications  -  graphite  composites  and  cast  aluminium.  High  sensitivity  and 
point  sensing  capability  for  measurement  of  temperature,  strain,  and  ultrasound  waves  have 
been  demonstrated.  Also  a  sensing  system  utilizing  a  digital  prrKcssor  with  time-domain 
muluplexing  capability  has  been  developed. 
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Hybrid  fiber  optic  strain  sensor  resolves  directional  ambiguity  of  time  multiplexed 
Fabry -Perot 

J.  P.  Andrews 

Martin  Marietta  Aero  &  Naval  Systems 
Baltimore,  Maryland  21220 


Abstract 

'I'he  sensor  described  in  this  paper  is  a  hybrid  design  combining  an  extrinsic  Fabry- 
Perot  interferometer  with  a  longitudinal  misalignment  strain  sensor.  Using  two 
techniques  simultaneously  resolves  the  directional  ambiguity  of  the  interferometer  and 
the  lead  fiber  sensitivity  of  the  intensity  sensor.  Further,  this  design  is  easily  time- 
multiplexed.  The  basic  principle  of  operation  is  proven  in  a  laboratory  experiment  and 
strain  in  a  undamped  cantilever  beam  is  measured. 


Sensor  Design 

The  sensor  consists  of  two  sections  of  optical  fiber  and  one  section  of  hollow  tubing  whose 
inner  diameter  is  very  slightly  htrger  than  the  outer  diameter  of  the  optical  fibers.  For  the 
prototype  the  hollow  tubing  is  silica  capillary  tube  drawn  from  a  preform  using  the  same 
techtiique  as  in  optical  fiber  manufacturing.  As  shown  in  Figure  1  the  two  sections  of  fiber 
are  itiserted  into  the  tube  such  thtit  the  air  gap.  s,  is  ~l(K)pm  .  The  fibers  are  then  either 
tacked  into  place  ssith  a  fusion  "weld"  for  embedded  applictitions  or  left  unbonded  for 
external  "attached"  applications. 


Delay  Length 


Hollow  Tube  Reflective  Coaling 


Figure  I. 


As  shown  in  Figure  2  the  optical  source  for  this  system  is  an  Optical  Time  Domain 
Renedometcr.  OTDR,  This  system  contains  a  laser  that  launches  short  pulses  into  the  single 
nuxie  lead  fiber.  Upon  reaching  the  "air  gap  splice"  two  Fresnel  refiections  are  created.  One 
from  the  glass-air  interface  of  the  lead-in  fiber  and  one  from  the  air-glass  interface  of  the  lead- 
out  fiber.  These  two  reflections  are  out  of  phase  by  an  amount  proportional  to  the  length  of 
the  air  gap,  s.  Because  of  the  relatively  long  coherence  length  of  some  O'fDR  systems 
(-l  .lmm  in  air)  these  two  reflections  interfere  and  go  through  constructive  and  destructive 
interference  fringes  as  the  air  gap.  s.  changes  by  multiples  of  1/2  wavelength.  A  limitation  of 
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sensor  alone,  however,  is  that  the  sensor  response  for  increasing  strain  is  the  same  as 
that  for  decreasing  strain.  This  "directional  ambiguity"  is  a  problem  with  most 
interferometers.  To  overcome  this  problem  a  hybridization  of  two  sensor  concepts  is  used. 


Figure  2. 

Referring  b.ick  to  figure  I  a  third  retlectitm  is  created  at  the  far  end  ot’the  lead-out  fiber.  The 
magnitude  of  this  retlection  is  increa.ved  with  tiie  application  ot  a  retlective  coating  to  the  fiber 
end.  This  renection  is  restilvtible  in  time  from  the  splice  double-refiection  providing  the  Icd- 
out  fiber  is  of  sufficient  length,  f-’or  cornmercitilly  tivailable  OTOR  systems  this  length  needs 
to  be  >4cm.  'i  he  amplitude  of  this  refieetion  r.  proportional  to  the  air  gap  length,  s.  The 
original  pulse  from  the  OTDR  system  is  attenuated  by  l-resnel  refiections  and  the  longitudinal 
misalignment,  s,  on  its  first  (.ass  through  the  air  gap  splice.  Upon  renection  from  the  far  end 
of  the  lead-out  fiber  the  pulse  is  again  attemiated  at  the  splice  by  an  amount  proportional  to  the 
g,ip  length,  s.  Therefore  when  the  host  matenal  is  put  into  tensile  strain  the  gap.  s.  increases 
causing  more  splice  loss  thus  decreasing  the  amplitude  of  the  far  end  renection.  Hence  a 
direct  correlation  between  refiected  intensity  and  strain  can  be  deteniiined.  for  the  purposes 
of  thiv  sensor,  however,  it  is  onlv  the  direction  rif  am|ilitiKie  change  that  is  of  interest.  .Tn 
mcieasiiie  pulse  amplitiuie  indicates  decreasing  strain  anti  vice  versa.  This  informafion 
ivsoKes  the  ilireciional  ambiuuitv  of  the  babrv  Perot  interferometer. 


Just  as  the  interferometer  working  alone  suffers  from  directional  ambiguity,  intensity  sensors 
also  h.iv  e  their  limitations.  Typical  iiuensitv  based  .sensors  tire  subject  to  erroneous  data  from 
intensitv  changes  due  to  loss  mechani.'.ms  affecting  the  lead  fibers.  In  this  configuration, 
however,  if  an  intensity  change  is  not  accompanied  by  a  corresponding  number  of  fringes 
from  the  interferometer  the  intensity  chtinge  can  be  ignortvl  Thus  the  interferometer  resolv  es 
the  fundamental  problem  of  the  intensity  based  sensor  just  as  the  intensitv  based  sensor 
resolv  ed  the  fundamental  problem,  directional  ambiguity,  of  the  intcrfeiomeier. 

This  sensor  design  offers  two  other  significant  attributes.  Interferometers  are  highly 
sioceptible  to  thermal  drift.  Theniial  drift  is  ero  neenis  data  Irom  thermally  induced  phase 
sliifts  caused  bv  the  thermo-optic  effect.  In  addition,  [lolarization  changes  in  the  tvvo 
interfering  waves  can  cause  the  fringes  to  disap|iear.  This  occurs  when  the  two  interlering 
w.ives  have  their  polanzaticns  rotated  such  that  the  two  waves  are  orthogonal.  This  is  caused 
bv  changes  in  birefringence  in  the  fibers.  The  degree  ot  biretringence  can  be  altered  by 
piivsical  perturb  'tions  and  temperature  changes  and  t'.erefore  is  a  sicnilictint  problem  lor 
most  applications. 

This  sensor  overcomes  these  problems  in  the  following  way.  The  region  in  which  the  tvvo 
imerfcrine  vvaves  are  separated  is  the  air  gap  itself.  .Anv  perturhations  to  the  signal  vvill 
thcrctore  have  to  occur  in  the  air  gap  The  liiermo-optic  coefficients  of  a  gases,  i.i;.  arc 
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orders  of  magnitude  below  that  of  silica  therefore  the  thermo-optic  effect  is  reduced  by  orders 
of  magnitude  nearly  eliminating  thermal  drift.  Second,  air  is  a  gas  and  therefore  is  not 
birefringent.  Zero  birefringence  eliminates  the  problem  of  polarization  fading  which  occurs  in 
all-fiber  interferometers.  This  occurs  in  fiber  interferometers  when  the  sensing  or  reference 
fiber  is  physically  perturbed. 


Experimental  Results 

Two  e.xperiments  were  performed  to  prove  the  validity  of  the  sensor  concept.  The  system 
was  set-up  as  shown  in  Figure  2.  The  first  test  was  to  verify  the  air  gap  intensity  sensor 
portion  of  the  device.  Longitudinal  displacement  w'as  accomplished  by  mounting  the  lead-in 
and  lead-out  fibers  on  two  alignment  stages.  Then,  with  piezo-electric  controls,  the  lead-out 
fiber  was  moved  back  and  intensity  data  recorded.  Recall  it  is  the  refiected  intensity  from  the 
far  end  of  the  lead-out  fiber  that  is  recorded  and  not  the  intensity  from  the  splice  doublc- 
rctlection.  The  data  for  z-displaccment  vs.  renected  intensity  is  shown  in  Figure  3. 


Longitudinal  Displacement  vs.  Normalized  Power 

(Far  end  reflection  of  lead-out  fiber) 


Longitudinal  Displacement,  pm 
Figure  .3. 


I'he  second  experiment  verified  the  interferometer  part  of  the  sensor.  The  sensor  was 
mounted  to  a  cantilever  beam  whose  tip  was  incrementally  displaced  by  a  micropositioner. 
This  time,  however,  the  intensity  information  recorded  was  that  of  light  reflecting  off  of  the 
air  gap  splice  itself.  It  is  expected  that  the  intensity  will  oscillate  through  fringes  as  the  beam 
defiection  causes  the  air  gap,  s.  to  expand  through  multiples  of  Tt.  or  62.3001.  As  shown  in 


Fringe  number 
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Figure  4,  [he  fringes  are  very  clear.  The  data  is  displayed  as  strain  vs.  fringe  r 
Figure  3. 


Strain  vs.  Sensor  Response 


Figure  4. 


Cantilever  Beam  Strain  vs.  Number  of  Fringes 


Microsirain 
Figure  5. 
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Some  error  dex’s  exist  in  the  data  however  the  fact  that  manual  data  actiuisition  was  possible  is 
a  tribute  to  the  stability  of  the  sensor.  Typically  interferometers  will  drift  through  many 
fringes  in  one  minute  whereas  this  design  appears  to  have  drifted  only  one  fringe  in  the  21 
minutes  it  took  to  record  this  data.  The  stability  of  the  interferometer  is  attributed  to  the  fact 
that  the  region  in  which  the  two  interfering  waves  are  .separated  is  the  air  gap.  As  expected 
thennal  drift  and  polarization  fading  are  not  a  problem  w'ith  this  design. 

One  supporting  experiment  was  also  performed.  I'he  issue  of  lateral  displacement  is  of  some 
concern  therefore  the  data  was  taken  measuring  the  optical  loss  through  the  sensor  vs. 
displacement  in  the  radial  direction.  This  data  is  shown  in  l-'igure  6,  Because  the  capillars' 
tubing  allows  a  total  of  only  3  microns  of  movement,  the  power  nuctuation  will  be  <  Iff. 


Lateral  Misalignment  vs.  Normalized  Power 


Lateral  Displacement,  iim 
Figure  6. 


(atnclusion 

It  has  been  demonstrated  that  an  optical  time  domain  reficciomctcr  c;in  be  used  for 
interferometry.  A  new  hybrid  strain  .sen.sor  using  OTDR  has  been  designed  and  tested  with 
protiiising  results.  This  design  is  easily  multiplexable  in  addition  to  being  very  stable.  Most 
importantly  this  sensor  resolves  the  directional  ambiguity  of  the  interferometer. 
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ABSTRAtT 

The  current  status  ol  liher  Fabry -Perot  (FFP)  strain  sensors  suitable  lor  smart  structure  applications  is 
reviewed.  A  high  rcnectivity,  single-end,  FF'P  strain  gauge  in  conjunction  with  a  pseudo-heterodyne 
demodulation  technique  capable  of  tracking  high  strain  rates  is  presented.  The  linear  nature  and 
dynamic  response  of  the  system  is  demonstrated. 


1.  FFP  STRAIN  GAUGE 

The  fiber  Fabry-Perot  (FFP)  sensor  has  been  identified  by  our  group  and  others  as  one  of  the  leading 
candidates  for  strain  monitoring  in  active  material  applications.  The  FFF  .scn.sor  has  a  number  of 
advantages  over  other  fiber-optic  ven.sors  such  as  the  Bragg  and  modal-domain  type  sensors.  The 
primary  advantages  of  the  FTP  sensor  over  other  designs  are  its  high  sensitivity,  ease  of  demodulation, 
and  its  single  fiber  /  single  ended  nature.  A  portion  of  this  work  has  been  previously  reported  by  the 
authors'". 


The  F-FP  sensor  has  been  developed  by  a  numtx-r  of  groups  using  a  variety  of  fabrication 
techniques.  Claus  et  al.  at  Virginia  Polytechnic  Insiiiutc  fabricated  an  FFP  sensor  by  supporting  two 
cleaved  single-mode  fibers  inside  a  hollow  core  fibre.  The  air-gap  txtwcen  the  two  fiFxirs  then  forms 
the  sensing  cavity  l.cilahady  at  .Amphenol  also  developed  an  FTP  sensor  from  two  scmircflcclive  air- 
gaps  A  semireflective  air-gap  was  fabricated  by  limiting  the  current  during  fusion  splicing  of  two 
cleaved  libers,  thus  forming  an  air-gap  in  the  core  region  of  the  I'iFrcr.  A  second  air-gap  reflector  w  as 
then  added  to  complete  the  FFP  sensing  cavity.  A  metal  sheath  placed  over  the  two  air-gap  fusion 
splices  provided  mechanical  strength  Both  of  these  techniques  rely  on  an  air  /  glass  interface  to  achieve 
a  4T  rellcctivity  Ixc  &  Taylor'  al  Texas  A&M  developed  a  technique  where  titanium  oxide  was 
sputtered  over  the  entire  endlace  of  an  optical  fibre,  a  second  optical  fiber  was  then  fusion  spliced  on 
to  form  a  semirellectivc  splice  A  second  scmirenectivc  splice  was  then  added  to  form  the  FTP  cavity. 
Figure  1  illustrates  the  afxive  mentioned  FTP  fabrication  techniques. 
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Figure  I:  Methods  ol  labricaiing  Fabr\'-Pcroi  Figure  2:  An  intrinsic  FFP  sensor  configuration 
strain  sensors  in  single-mode  optical  nbers.  using  a  localised  semireflective  fusion  splice  with 

a  fully  reflective  second  mirror. 

In  order  to  obtain  a  good  depth  of  modulation  with  any  of  the  above  FFP  fabrication  techniques, 
a  .second  matched,  .semireflective  splice  is  required  to  complete  the  .sensing  cavity.  Light  from  the  two 
semireflective  mirrors  (approximately  4%)  then  propagates  back  to  the  demodulation  optoelectronics. 
Since  only  a  small  percentage  of  the  incident  light  at  the  sensor  is  reflected  back  to  the  dcicclor,  care 
must  be  taken  to  prevent  light  originating  in  the  lead-out  fiber  from  propagating  back  to  the  detection 
optoelectronics.  This  is  usually  accomplished  by  index-matching  the  end  of  the  lead-out  fibre  with  a 
suitable  index-matched  gel. 

Present  thinking  on  active  material  applications  has  sirain  sensors  embedded  within  the 
composite  materials  which  make  up  the  structure.  It  is  therefore  desirable  to  have  a  sensor  with  a  cross 
sectional  area  no  larger  than  the  lead-in/out  fiber.  Sensors  which  arc  fabricated  from  the  fiber  itself  and 
require  no  external  support  members  are  termed  intrinsic,  while  those  requiring  external  mechanical 
supptirt  members  arc  termed  cxtrinsic. 

A  method  of  fabricating  intrinsic  FFP  sensors  which  overcomes  the  above  difficulties  ;ind  makes 
better  use  of  the  incident  light  from  the  sensing  region  has  been  previously  reported  by  the  authors'’"''’. 
Figure  2  illustrates  the  sensor  geometry  used.  A  high  rcflcciiviiy  (>109fl,  and  high  loss  (<80%) 
scmircnectivc  front  splice  is  u.sed.  This  allows  for  the  use  of  a  totally  reflective  second  mirror,  thus 
eliminating  the  need  for  an  index-matched  lead-out  fiber.  This  approach  also  represents  a  substantial 
increase  (from  8%  to  20%)  in  the  optical  power  being  re-flcctcd  back  to  the  sensor’s  detection 
opuxticctronics,  thus  increasing  the  .signal  to  noise  ratio  of  the  sensing  system. 
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2.  STRAIN  DEMODULATION 

Signal  demodulation  rcl'crs  to  the  extraction  ol'  the  mcasurand  of  interest  (i.c.,  strain,  pressure,  or 
temperature)  from  the  optical  signal  present  at  the  detector.  All  low  finesse  interferometers  have 
essentially  a  sinusoidal  response  to  a  linear  change  in  strain,  pressure,  or  temperature,  sec  Figure 
Thus  a  signal  demodulation  scheme  is  required  to  determine  the  magnitude  and  direction  of  any  change 
in  the  mcasurand  coupled  to  the  sensing  region. 

Figure  4  illustrates  a  strain  demodulation  system.  Light  from  a  laser  diode  is  coupled  to  a  2x2 
coupler  through  an  optical  isolator  to  prevent  backrcfiectcd  light  from  entering  the  lasing  cavity  and 
damaging  ttic  laser  diode.  A  polarisation  maintaining  FC  (PM-FC)  connector  is  then  used  to  connect 
the  FFP  strain  gauge  to  the  phase  demodulation  optics.  Light  returning  from  the  FFP  sensor  is  then 
coupled  to  a  photodiode  through  the  2x2  coupler.  A  pscedo-hetcrodync  phase  demodulation  system  is 
then  used  to  interpret  the  change  in  optical  length  of  the  sensing  region  as  a  function  of  the  mcasurand 
of  interest,  in  this  ease  strain. 


Figure  2:  Experimentally  obtained  sinusoidal  response  of  a  low  finesse 
FFP  strain  gauge. 


The  present  demodulation  system  interfaces  with  5  -  20  mm  gauge  length  FFP  sensors  and 
achieves  a  strain  resolution  of  lO  uf,  with  a  strain  range  of  (XX)  uf.  The  system  can  track  a  strain 
rate  ot  dc  -  lO^  pf/s  This  represent^  the  current  state  of  the  art  for  fiber-optic  strain  gauges 

The  linear  nature  and  dynamic  strain  response  of  the  system  was  tested  by  bonding  the  FFP 
strain  gauge  to  a  cantilevered  beam.  A  resistive  foil  strain  gauge  with  the  same  gauge  length  was 
bonded  to  the  opposite  side  of  the  beam  as  a  reference.  Figure  .S  illustrates  the  linearity  of  the  system, 
while  Figures  6  and  7  demonstrate  the  dynamic  response  of  the  system. 


.2.  CONCLUSIONS 

The  Fiber  Fabry -Perot  (FFP)  sensor  is  one  of  the  most  promising  sensor  candidates  for  strain  sensing 
in  active  materials.  A  review  of  three  methods  of  fabricating  FFT*  sensors  was  given,  and  a  pa’fcrred 
method  introduced.  A  sensor  demodulation  .system  with  a  resolution  of  lO  pe,  a  range  of  ±50  (X)0  ue, 
and  a  strain  rate  range  of  dc  -  lO'’  pf/s  was  demonstrated. 
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Fijjurc  5:  Linear  resp(in>c  nl  ihc  FFF  strain  itaujic  versus  a  resistive  loll  strain  gauge. 


Figure  6;  Natural  vihration  frequency  of  a  Figure  7:  Dampening  of  a  cantilevered  beam, 
cantilevered  beam.  50pc  /  20  ms  per  division.  20  pc  /  0.5  s  per  division. 
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Active  structural  control  for  danipin«  augmentation  and  compensation  of  thermal 
distortion 


S.  W.  Siiliu 

•Ii-r  [’n )j)nNi<)ii  Lalioratory.  Califoniia  of  T<'<'hn<>l<)sy.  Pasa<lc'ua.  C'A  01101 

AnSTHACT:  All  ('iid-to-t'ud  siiiiulation  of  tlic  optical  p<‘i'fonnancc  oi  a  larcc 
"^paci'  liascd  ititcrfi’roincti'r  (FMI)  has  hci-u  dt'vclopcd  atid  iist-d  to  demonstrate 
iiupcdaiice-haseil  adaptive  stnictural  control  anti  control  of  thi'rmal  ilistin  liance-^. 

1,  IXTRODl'CTIOX 

The  C'ontrtil/Stnict lire  Interaction  (CSI)  itrocram  goal  is  to  tlevi'lo])  and  deniou- 
st  rate  the  technology  necessary  for  precise  control  of  future  largt'  s]>:ic<'  structures.  One 
such  candidate  future  mission  is  a  space-hasetl  interferometer,  termed  tlu-  Focus  Mis¬ 
sion  Interfei-oini’ter  ( FMI)  (Laskin  19S9).  .An  FMI-class  instrument  (some  2Gm  I  must 
maintain  ojitical  [lathlengths  throu.gh  the  system  at  the  5  na.uotueter  level.  This  jiaper 
focuses  on  replacement  of  2o  structural  memhers  with  ai'tive  pie/oelectric  mi'niher-' 
(Sirliu  1990). 

2.  'i  rnrCTFRAL  and  optical  model 

Each  active  strut  is  composed  of  a  passive  truss  ('lement  and  an  ai  tive  jiie/oelectric 
element  in  serj,.^.  The  sjiecific  stiffness  of  the  active  element  was  designeil  to  he  tlii- 
-a me  as  that  of  the  truss  elements  for  comjtlete  interchii.n.geahility  with  other  elements. 
The  active  memhers  havi’  i-mliedded  forc«-  and  disjtlaceiiK'iit  sensors  .A  X.ASTR.AX 
finite  I'lement  model  of  the  FMI  structure  was  built  incorporating  527  modes.  Rather 
than  couihiniiig  the  models  for  the  ]>lant  and  controllers  in  state  space,  whii’h  would 
produce  state  space  models  of  order  arotmd  1300,  (plant  jtlus  controllers)  models  were 
comhined  in  tin-  frequi'iicy  domain.  Since  each  block  of  the  moili'l  is  brought  into 
the  frc(|u<’ncy  domain  separately,  special  knowledge  of  each  block  ctiii  be  used  (Sirliu 
19S9  ).  The  modtd  analysis  of  the  structure  was  done  in  X'.ASTR.AX.  .ria'  d.'itnping 
was  taken  as  O.l'i.  For  the  vibration  analysis,  the  disturbtmce  sourci’  used  was  the 
itiihalatice  force  from  4  Hubble  S|>ace  Telescope  reaction  wlieids  spinning  fi'oni  (I  to 
1200  RPM  (Sirliu  1990). 

1  ,a  '1 ,  .  '-I'l  '  ■  i  'ala  ,  Tmh'  f:  om  two  si,  l.-ro-  tat-.  ci  ,r.  ;pr,  -  ■ :  i ,  l;  the  h,  u  i .  a  - 1- 

,  h''!:  |i  If  PaS  siv;w  I  a; 
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j'.istiii'j,  the  piithlcustli  au'l  tilt  to  roinpciisatc  for  structural  vihratioii.  and  coinljinos 
t  he  licaiiis  at  a  focal  plain'.  One  of  the  (hree  iuterfcroiiictcrs  of  the  FMI  has  heeii  inorl- 
el(  (i  usiiiii;  the  Controlled  Ojitics  Modi’liiig  Paekauie  (COMP,  h.'ised  on  Rerldins  1991). 
llie  o[ifical  train  consisted  of  19  elements.  9  on  th<'  +\  half.  9  on  the  O'  half.  and. 
till'  local  iilani'.  COMP  was  used  to  di  tennine  the  partitil  derivtitives  of  th('  ojitical 
paiiileneth  to  the  motion  of  the  individtitil  optical  elements,  the  transformtition  from 
structural  vihiaition  to  optictil  p  ithlene;th. 

:i  .STRUCTrn.VL  D.WIPIXG  WITH  THE  DI.\L  A  STRUT  CONTROLLER 

.•\  luori  rohust  way  of  itnplementinK  a  softenine;  controlli'r  thtin  (Sirlin  1990)  is 
with  iirltlet-  feedl  lack  (Lurie  19SG.1991.  Chen  1990)  usin<>;  hoth  force  tmd  displaci'nient 
lueasuietnents.  .At  .IPL  Dial-:i-Strut  controller  htis  he(>n  developed  that  litis  it  simple 
)'  'I  111.  can  easily  he  tidjusted  to  work  with  tt  wi<le  vju  iety  of  st  ritet  ures.  tmd  is  insensitive 
to  plant  anil  control  iiaratneter  vari.'itioiis. 

.\n  appro\iiuate  model  of  the  Dialui-Strut  is  eiven  hy  e,/  Icj. . 

■■  -lifl  /i /1 .1 )  =  i;A'./i,.(  .s).  Z, /(.'!=  f  C'l  s  -i - — — 

1  he  voltai.'.e'.  i-f.  r,..  atid  r,/  correspond  to  till'  force  ;ind  disphicement  sensors,  and  the 
pie/o.'h '-trie  .trtuti  coiumiind  respectively.  A.>  ;md  A'j  tire  constant  e;;iins,  and  /i.i.si 
1-  a  smooth  rolloll  Hlter.  The  adjustahle  jitirt  of  the  Dial-a-Strut  lies  in  the  constant 
cams  and  r  I  less  than  1 '.  and  the  ctijiacitors  C’l  and  C'j  ami  resistor  A.  d’he  resulting 
■.npiedtince  ot  I  he  act  ive  clement  as  seen  hy  th(' structuri' is  defint'd  hy  Z(.')  —  ■  -As 

the  contiol  caiii'  iliminish,  h  fi  >).  h  ri-')  — *  0.  (he  impedtiuce  tqiiiroaches  the  orinintd 
impedance  (a  simple  spring )  Z(.s)  — *  jt_.  .As  the  control  .ijains  pi'fiw.  — *  x.  the 

iiu|  ledaiice  approaches  a  weieliteil  ratio  of  the  two  paths.  Z(.sl  7Y7)7P 

1  he  tiiimic  ot  the  Dial  ti-Stmt  controllers  is  done  hy  first  smoothitic  (in  the  fre 
iiuci]c\  di  ciiaiii  I  t he  structure  dr iviiiir  ]>oint  imix'daie  e.  This  desireil  impedance  is  then 
appi  osimated  hy  the  Diaha  Strut  controller.  Fi"ure  1  shows  the  open  looji  imjiedaiice 
o!  a  particular  active  element  (  Zn  ).  the  iinpedtmce  of  the  structure  as  seen  hv  the 
I  nr  I  Z.  '.  and  the  closeil  loo])  active  eh-n  tit  imix’ihuice  (  Z,. ).  The  im])edance  is  pos 
iti\i'  leal,  hence  the  system  is  stable  with  any  other  tidditiomil  iiositive  real  elements 
added,  and  will  only  hi'lp  the  im])lei  entafion  of  any  other  ylolial  control.  Etu  li  of  the 
do  Dial  a  Strut  contiollers  is  ideiitictil. 

I  MRR.ATION  CONTROL  PERFORMANCE 

Aihiaticpii  Isolation  w;ts  im]ilemented  hy  suspt'ndin.s;  the  retiction  wheels  in  the 
ame  mannei  as  is  done  on  the  Hiihhle  Sltare  Felesrojx-.  To  control  the  o]itical  jiath 
iencth  dii  ertly.  ti  controller  siiniltu  to  that  tised  in  ( Laskin  19S9  )  is  imitlemented.  The 
primary  ditference  is  th;it  m  the  ])revious  work  tlx'  hamlwiilth  was  limited  to  10  H/ 

■  hie  to  liirlif  levels.  Current  studies  (Short  1991)  indicate  thtit  this  is  overly  cotiser- 
vaii\e,  and  ;i  haiuhvidth  of  IkH/  ranc;e  is  fetisilile.  Comhinin.c;  the  various  control 
''r.a'ci'i,  s  .  Ids  fl,,.  pat iih  nctli  coturol  results  shown  in  Ttihle  I.  The  t;d)le  shows  that 
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till  the  various  layers  are  ueeessary  to  get  Ix'hnv  th<'  level,  even  tlunurh  tin-  larr' 

nsluetion  eoiues  from  the  ]>:>tlileui>;th  eoiitroller. 

•1.  THERM.AL  DISTUR B.AXCES 

T  simt;  a  eoeffii-ieut  ‘heriiial  expaiisiou  of  -a.O  ■  1(1  1/  C  i-lO  ’iiii'  -  hen 

Mian  aluiiiitiuni)  flienual  (H.'-plaremeiits  tin'  ex'iieeted  to  lie  on  the  onler  oi  i  (il)  // 
t  hi  ouxliout  the  st  ructure  at  worst .  Displaeenu'iits  tiloim;  the  ;u  ins  etui  he  edmi'emai 
tor  at  hitlh  haiulwidth.  Dis]>laeeuients  trtiusverse  to  th<'  optietd  jiathlenmh  eannoi 
eotiijieioaf ed  for  hy  t he  opt ie;d  system  however.  1  he  suit ;d lihty  ot  the  art  i\  e  1 1 a  ; u I  h 
for  ('hmmti  timi  these  deli'  mat  ions  was  iuvi-sti(f  tiled  hy  i-onsidei  iiiy  the  reip  u;  i  d  art  i 
element  forres  tmd  strokes  ueeessary  to  control  a  siu<j,le  siderostat  ni  tluee  deep 
of  freedom  to  the  GO/on  h’vel.  The  results  are  shown  in  Ttdde  lh  1  lie  -poke  a 
torce  requiiements  are  much  lariier  thtui  for  simple  lahr.ation  eoniiol  r.Sirjm  ld')(ii. 
tart  jus,  above  current  actir  e  lueinher  c.apal lilities  i '2~>.A jiiti .  4  i-d.N  !.  1  he  v  oi  n 

direction  is  alone  the  arm  directioni  however,  which  need  not  he  c;  mt  i ,  ilied , 

h.  COXCI.rSK  )NS 

The  Dud  ;i  Strut  controller  is  ‘-m'lile  to  tune,  p.hipt.  and  pro'.  ide-  ,  v,  ed.  u'  p. 
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liiMr  II.  Ai  tivr  Mriuix'r  R<'<iuin-ni<'nf s  for  Thermal  Control 
Control  Din'ctioii 
U  : 

inn  G.O  27. G  C.3 

l.eC  I  ,;,  in  Ilf  Forre  T  207  72S  13S 


ti  ■!  iiiiin'  i'  in  \  iliration  .Mippression.  The  active  '  ''mlx'rs  are  just  harely  capable  of 
'  ■  MP I ollinx  thernial  distoi  tion,  R  liable  thermal  control  will  retjuire  soniewhat  larser 
i:il.(  with  !iirp;('c  fo  c"  and  stroke  caixdtilities. 
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Inertial  d  'oupling  in  the  application  of  actuators  to  flexible  structures 


Ephrahini  Garcia 

Smart  Structures  Laboratory,  Department  of  Mechanical  Engineering 
Vanderbilt  University,  Nashville,  Tennessee  37235 

ABSTRACT:  The  application  of  reactive  mass  actuators  are  seen  as  one  avenue  for  the 
control  of  unwanted  dynamics  in  future  space  structures.  The  effects  of  parasitic  mass  in 
pr(X)f  mass  actuators  tends  to  decouple  the  dynamics  of  the  actuator  from  the  dynamics  of 
the  structure.  Actuator-structure  interaction  is  es.sential  for  the  dissipation  of  structural 
vibratory  energy,  and  hence,  this  decoupling  is  detrimental  to  the  control  perfonnance. 

1.  INTRODUCTION 

Inertial  force  actuators  nave  rec  i'  ed  mucii  attention  over  the  last  decade  because  of  their 
potential  as  actuators  it.  pace.  These  actuators  ate  generally  referred  to  as  space-realizable 
becau.se  these  devices  generate  force  by  the  acceleration  of  a  proof  mass.  That  is  to  say.  force  is 
generated  without  having  attached  the  device  to  ground,  or  some  other  reference  point,  hence, 
the  term  space-realizable.  These  actuators  ’re  usually  referred  to  as  proof  mass  actuators,  or 
reaction  mass  actuators.  Theoretical  and  experimental  investigations  of  these  systems  have  been 
investigated  by  Juang  (1984b  Zimmerman  and  Inman  (1990),  and  Garcia,  et  al.  (1991).  These 
references  site  other  important  works  which  are  omitted  here  for  brevity. 

Reaction  mass  devices  can  be  classified  as  passive,  semi-active  and  active.  The  passive  reactive 
mass  device  is  that  of  the  well  known  vibration  absorber  (see  for  instance,  Den  Hartog,  1934), 
which  has  been  well  understood  for  some  time.  A  generalization  of  the  vibration  absorber  was 
carried  out  by  Juang  11984)  for  continuous  structures  which  was  modified  to  include  the  modal 
participation  factor  of  the  structure  at  the  point  of  absorber  placement.  Since  this  work,  other 
researchers  have  implemented  PMAs  in  what  will  be  define  as  semi-active  and  active  modes  of 
vibration.  Semi-active  is  defined  as  a  PMA  whose  dynamic  characteristic.^  can  be  adjusted  or 
tuned  by  adjusting  electrical  constants  of  the  devices.  Nominally,  the  proof  mass  is  centered 
within  the  stroke-length  of  the  actuator  via  a  position  derivative  (PD)  controller.  This  generates 
a  position  feedback  constant  which  can  be  approximated  as  an  equivalent  servo  stiffness,  and  a 
veUxtity  feedback  constant  which  can  be  approximated  as  an  cquivaleni  viscous  damping  term. 
The  term  active  will  refer  to  the  integration  of  PMA  into  an  active  control  law.  Here  the  control 
law  generates  an  error  signal  that  causes  the  actuator's  proof  mass  to  accelerate  away  from  its 
center  position,  'fhe  reaction  force  has  been  used  successfully  for  control  purposes. 

The  application  of  actuators  to  flexible  systems  can  actually  alter  the  dynamic  chtu'acteristics  of 
the  flexible  structure.  Under  certain  conditions,  this  can  reduce  the  effectiveness  of  the  active 
control  system.  Considered  will  be  the  effect  of  PMA  parasitic  mass  on  the  control  authority  of 
the  actuator  system. 
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2.  MODELING  ACTUATOR  STRUCTURE  INTERACTION 

PM  As  can  be  simply  represented  as  a  parasitic  mass,  the  actuator  dynamics,  and  a  proof  mass. 
The  internal  dynamics  of  the  actuator  derive  from  the  fact  that  the  proof  mass  needs  to  be 
centered  with  the  actuator  stroke  length.  For  the  case  of  a  simple  PD  controller,  the  position 
centering  controller  can  be  approximated  by  an  equivalent  spring  stiffness  and  viscous  damper. 
These  coefficients  are  generati^  electro-mechanically. 

Consider  the  system  of  Figure  1.  This  schematic  represents  a  simple  beam  with  a  single  reaction 
mass  actuator  located  at  the  tip. 


T 


reaction  mass  ■ 


parasitic  mass  • 


flexible  strucnire 


Xr 


kpCf  actuator  dynamics 
m,j  paiasioc  mass 

reaction  (prooO  niass 


L  beam  length 
p  -  lengthwise  density 
El  flexural  ng  id  tty 


Figure  1.  Schematic  of  a  simple  beam  with  connected  to  a  proof  mass  actuator. 


The  equations  of  motion  for  an  actuator  attached  to  a  simple  beam  structure  can  be  derived  by 
applying  Hamilton's  principle  to  the  conservative  system  elements.  Applying  a  Rayleigh-Ritz 
mt^el  for  the  system,  the  motion  of  the  structure,  y(x,t),  can  be  written  as  a  sum  of  a  finite  set 
of  time  invariant  shape  functions,  <t>i(x),  thus  yielding  the  equations  of  motion  for  the  system. 
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0  1  X  n 


m(i(|)i(L)(t)j(L)+  Jp<;),(x)(l)j(x)dx 
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-  1.0  - 

-kr(l>j(L)  kr$j(L)4)j(L)+jEl(t>i''(x)(l)j"(x)dx 

-  qi(t)- 

(1) 


This  expression  is  for  one  mode  of  the  system;  rows  and  columns  can  easily  be  added  to 
increase  the  number  of  modes,  n,  used  in  the  simulation.  The  term  0i(L)  defines  the  modal 
participation  factor  for  the  flexible  motion  of  the  system  at  the  actuator  location.  Since  the 
viscous  damper  is  collocated  with  the  actuator  spring  stiffness,  the  terms  of  the  damping  matrix 
must  have  the  same  effect  on  the  system  dynamics  as  does  the  spring.  Hence,  the  damping 
matrix  of  Eq.  (1)  is 


Cf  -Cr<l)j(L) 

_  -Cr<t)i(L)  Cr<t)i(L)(t)j(L). 


(2) 
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These  equations  of  motion  were  also  solved  by  Juang  (1984)  who  applied  a  relative  (as  opposed 
to  an  absolute)  reference  frame  for  the  motion  of  the  actuator, 

3.  EFFECTS  OF  PARASITIC  MASS 

While  much  work  has  been  accomplished  in  the  theoretical  and  experimental  implementation  of 
proof  mass  actuators,  little  attention  has  been  paid  to  the  overall  effects  of  the  actuator  design  on 
the  control.  An  investigation  of  the  dynamic  interaction  of  the  actuator  and  structure  is 
performed.  Two  parameters  are  proposed  for  the  application  of  proof  mass  actuators  to  flexible 
structures.  These  are  1)  the  ratio  of  structural  mass  to  parasitic  mass,  ii,  and  2)  the  ratio  of 
reaction  mass  to  total  actuator  mass,  designated  as  ricff.  The  mass  ratio,  p,  defines  a  constraint 
on  the  structure.  That  is,  this  parasitic  mass  restricts  the  free  vibration  of  the  structure  at  the 
point  where  the  actuator  is  attached.  This  reduces  the  dynamic  interaction  between  the  beam  and 
the  actuator.  It  is  this  interaction  that  allows  structural  vibratory  energy  to  be  dissipated  in  the 
actuator.  Naturally,  if  it  is  shown  that  the  parasitic  mass  of  a  structure  is  detrimental  to  the 
overall  system  performance,  then  the  efficiency  ratio  should  be  as  close  to  unity  as  possible. 

First  let  us  consider  a  case  where  the  actuator  dynamics  and  proof  mass  are  set  equal  to  zero. 
The  remaining  system  is  a  clamped-free  beam  with  parasitic  mass  acting  at  tip.  The  modal 
participation  factors  of  the  system  for  an  input  force  are  defined  as,  0(xi),  where  xi  signifies  the 
actuator  location  along  the  structure.  Figure  2  represents  the  mode  2  of  the  structure  and  the 
absolute  value  of  the  mode  shape  which  is  the  modal  participation  factor  along  the  length  of  the 
beam,  l4ij(x)l. 
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Figure  2.  Mode  2  of  a  cantilevered  beam  with  various  degrees  of  parasitic  mass. 


The  ratio  of  the  beam  mass  to  the  tip  mass,  n,  is  plotted  in  Fig.  2  for  values  (1,  5,  10), 
represented  by  the  dotted,  dashed  and  solid  lines,  respectively.  The  parasitic  mass  has 
negligible  effect  on  the  first  mode  shape  of  vibration.  Note  that  for  the  higher  modes  of 
vibration  the  parasitic  mass  acts  as  a  nodal  attractor,  i.e.,  the  nodes  of  the  mode  shapes  moved 
closer  to  the  actuator  for  increasing  amounts  parasitic  mass.  Additionally,  the  modal 
participation  factor  at  the  actuator  location,  i{ii(L),  decreases  with  increasing  parasitic  mass. 
Similar  trends  are  present  for  other  higher  modes  of  vibration. 

4.  FEEDBACK  CONTROL 


A  local  velocity  feedback  (LVF)  control  law  is  applied  to  the  system  of  Figure  1  to  illustrate  the 
effects  of  the  parasitic  mass  on  the  control  of  flexible  systems.  The  LVF  controller  feedbacks 
the  absolute  velocity  of  the  structure.  For  this  system,  the  control  force  produced  is 


n 

fg  =  -  Kv  y(L,t)  =  -  Ky  ^  ())i(L)qi(t) 
i=l 


(3) 
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This  generates  an  asymmetric  damping  matrix,  which  is  composed  of  damping  terms  from  the 
damping  of  the  actuator,  Cr,  plus  the  damping  generated  by  the  active  controller.  A  gain  Ky  was 
chosen  so  that  all  modes  of  the  system  remained  stable  and  increased  damping  was  exhibited  in 
the  flexible  modes,  see  Figure  3. 
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Figure  3.  Controlled  and  Uncontrolled  re.sponse  for  systems  for  various  t). 


It  can  be  seen  in  Figure  3a  that  when  the  ratio  of  parasitic  mass  is  large  with  respect  to  structural 
mass,  the  ability  of  the  actuator  to  dissipate  higher  modes  of  vibration  is  reduced.  However, 
when  the  degree  of  actuator-structure  interaction  is  increa.sed,  as  shown  in  Figure  3b,  for  a 
system  with  small  parasitic  mass,  then  even  this  simple  velocity  feedback  controller  can  control 
the  higher  frequency  flexible  modes. 
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Modification  of  damping  in  a  structure  with  coincident  modes 
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ABSTRACT:  This  paper  presents  the  results  of  analytical  and  experimental 
studies  of  the  interactions  between  a  low— order  structure  with  either  closely 
spaced  or  coincident  modes  and  a  reaction  mass  actuator  acting  as  a  passive 
vibration  absorber.  The  actuator  significantly  reduced  the  peak  amplitude 
ratios  of  the  first  two  structural  modes  for  the  structure  with  closely  spaced 
modes.  This  effect  was  observed  at  all  points  on  the  structure  even  if  the 
actuator  and  disturbance  were  not  collocated.  When  the  actuator  and 
disturbance  were  collocated  on  the  structure  with  coincident  modes,  the 
structural  vibrations  were  likewise  damped  at  all  points  on  the  structure. 
However,  with  the  disturbance  occurring  at  a  point  away  from  the  actuator, 
the  magnitude  of  one  of  the  structure’s  first  two  resonant  modes  was  enhanced 
at  certain  points  on  the  structure. 


1.  INTRODUCTION 

It  is  anticipated  that  future  space  structures  will  be  large  and  very  flexible.  Such 
structures  will  possess  a  tremendous  number  of  resonant  modes,  many  of  which  may 
be  closely  spaced  or  even  coincident.  Closely  spaced  and  coincident  modes,  it  turns 
out,  present  an  interesting  control  challenge,  and  will  be  the  focus  of  this  paper.  To 
minimize  unwanted  vibrations,  both  passive  and  active  control  schemes  will  have  to 
reduce  or  eliminate  the  vibrations  associated  with  all  of  the  structure’s  significant 
resonant  modes,  some  of  which  may  be  closely  spaced  or  coincident.  In  some  cases  it 
may  be  difficult  to  determine  if  closely  spaced  or  coincident  modes  are  even  present. 
Hence,  effective  control  schemes  must  be  robust  enough  to  account  for  the  effects  of 
closely  spaced  or  coincident  modes. 

This  paper  examines  the  interactions  between  a  passively  tuned  reaction  mass 
actuator  and  a  flexible  structure.  The  structure  was  designed  to  have  tunable 
resonant  bending  and  torsion  modes  at  low  frequencies;  the  first  two  modes  could  be 
adjusted  from  being  closely  spaced  to  being  coincident.  A  finite  element  model  of  this 
structure  was  generated  and  verified  experimentally.  A  study  was  then  conducted  to 
examine  the  interactions  between  the  structure  and  the  actuator.  Specifically,  the 
extent  to  which  the  actuator  reduced  the  structure’s  vibrations  was  analyzed  when 
the  resonant  modes  were  either  closely  spaced  or  coincident. 

2.  EXPERIMENTAL  SET-UP 

The  experimental  structure  used  in  this  study  exhibited  two  dominant  low-frequency 
structural  bending  and  torsion  modes  on  the  order  of  five  Hertz.  The  higher  modes 
were  at  frequencies  at  least  three  times  that  of  the  first  two.  A  144— degree  of 
freedom  finite  element  model  of  the  structure  was  generated  using  MSC/NASTRAN. 
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Figure  1.  Sketch  of  the  Low  Order  Structure 


The  structure  was  designed  such  that  the  first  two  frequencies  could  be  altered  by 
moving  the  four  lead  weights  that  were  attached  to  the  horizontal  beams.  A  sketch 
of  the  structure  in  Fig.  1  shows  that  there  are  two  brackets  on  the  horizontal  beams; 
these  serve  as  supports  for  two  reaction  mass  actuators  (RMAs).  Only  one  actuator 
was  used  in  this  study.  For  the  configuration  illustrated  in  Fig.  1,  the  first 
three  resonant  frequencies  of  the  analytical  model  were  found  to  be  4.6417,  5.1904, 
and  109.4542  Hertz.  The  first  resonant  frequency  corresponded  to  a  torsional,  or 
twisting  motion  about  the  vertical  axis,  with  a  node  at  the  center  of  the  horizontal 
beams.  The  second  frequency  corresponded  to  a  bending  motion  about  the  horizontal 
axis  parallel  to  the  horizontal  beams. 

By  positioning  the  actuator  brackets  at  the  outboard  positions  on  the  horizontal 
beams  and  moving  the  lead  weights  towards  the  center  of  the  structure,  the  torsional 
frequency  could  be  raised  while  maintciining  roughly  the  same  bending  frequency. 
Through  a  trial  and  error  process  of  positioning  the  lead  weights  at  various  locations 
on  the  structural  model,  a  structure  with  coincident  modes  was  obtained.  The  first 
two  resonances  occurred  at  5.2190  and  5.2195  Hertz,  respectively,  with  the  third 
mode  at  133.57  Hertz.  Even  this  model  possessed  closely  spaced  modes  rather  than 
true  coincident  modes  since  a  separation  of  0.0005  Hertz  actually  existed  between  the 
two  modes.  However,  it  is  difficult,  if  not  practically  impossible,  to  construct  a 
structure  with  identical  modes. 

Because  high  order  analytical  models  present  computational  difficulties  with  the 
available  equipment,  the  NASTRAN  model  was  reduced  to  fourth-order  using  an 
accurate  modal  reduction  technique  outlined  by  Hallauer  (1980).  The  reduced  model 
could  then  be  used  to  determine  the  actuator’s  optimum  natural  frequency  and 
damping  with  an  existing  MATLAB  routine. 

The  analytical  model  was  validated  with  an  experimental  structure  (Webb,  1990a, b). 
The  first  two  experimental  resonances  of  the  structure  with  closely  spaced  modes 
were  4.618  and  5.113  Hertz,  which  agreed  well  with  the  analytical  model  (0.5  and  1.5 
percent  errors,  respectively).  For  the  coincident  mode  configuration,  the  first 
resonance  occurred  at  5.075  Hertz,  a  2.759  percent  error  from  the  analytical  model. 
It  should  be  noted  that  both  analytical  and  experimental  frequency  response  functions 
of  the  structure  with  coincident  modes  showed  only  one  peak  at  the  first  resonance, 
indicating  that  the  first  two  resonant  frequencies  were  the  same. 

3.  DAMPING  OF  THE  STRUCTURE  WITH  CLOSELY  SPACED  MODES 

The  method  used  to  determine  the  optimum  actuator  tuning  parameters  (natural 
frequency  and  damping  ratio)  was  one  adapted  from  Duke  (1990),  which  described 
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how  to  calculate  the  optimal  tuning  of  an  actuator  attached  to  a  multi— degree  of 
freedom  system.  For  this  study,  the  RMA  was  attached  at  Position  3  and  the 
structure  was  disturbed  at  Position  3  (refer  to  Fig.  1). 

For  the  structure  with  closely  spaced  modes,  the  optimum  natural  frequency  for  the 
RMA  was  computed  to  be  4.441  Hertz,  with  an  optimum  damping  ratio  of  0.082218. 
The  actuator,  when  passively  tuned  to  the  structure’s  first  resonant  frequency, 
introduced  a  new  resonant  mode  to  the  system  due  to  the  additional  degree  of 
freedom.  In  addition,  the  actuator  significantly  altered  the  structure’s  first  modal 
response  by  shifting  the  frequency  higher  and  reducing  the  peak  amplitude  ratio  by 
almost  95  percent.  The  actuator  ^so  altered  the  structure’s  second  resonant  mode  by 
raising  the  frequency  and  reducing  the  peak  amplitude  ratio  by  99  percent.  Higher 
modes  were  not  affected  by  the  addition  of  the  passive  RMA. 

To  determine  the  effectiveness  of  the  passive  damper  at  other  locations  on  the 
structure,  frequency  response  functions  of  both  baseline  and  optimally  passively 
damped  structures  were  generated  for  Positions  4,  5,  and  6.  In  each  case,  the 
disturbance  was  introduced  at  Position  3,  with  the  RMA  also  located  at  Position  3. 
The  actuator  acted  as  a  passive  vibration  absorber  for  the  entire  structure,  even 
though  it  was  attached  to  just  a  single  point  on  the  structure.  Once  again,  higher 
modes  were  not  altered.  It  is  clear  that  the  actuator’s  ability  to  reduce  the 
structure’s  vibrations  diminishes  significantly  for  frequencies  well  beyond  the 
resonant  frequency  of  the  RMA. 

With  the  RMA  still  attached  to  Position  3,  the  structure  was  then  disturbed  at 
Positions  4,  5,  and  6,  in  turn,  and  the  corresponding  frequency  response  functions 
were  generated.  Once  again,  in  each  case  the  passive  damper  reduced  the  structure’s 
vibrations  at  all  points  on  the  structure,  regardless  of  where  the  structure  was 
disturbed. 

The  above  results  were  repeated  experimentally  by  attaching  a  reaction  mass 
actuator  to  the  expcrimcrtal  structure.  The  RMA  was  passively  tuned  to  a  natural 
frequency  of  4.418  Hertz  and  a  damping  ratio  of  0.082218.  With  the  RMA  assembly 
attached  to  the  structure  at  Position  3,  the  structure  was  disturbed  at  Position  3. 
The  frequency  response  function  of  the  passively  tuned  structure  was  then  obtained 
and  compared  to  the  response  of  the  baseline  structure.  The  experiment  yielded 
results  virtually  idei.tical  to  the  analytical  predictions  in  each  of  the  cases  tested  and 
reported  above. 

It  is  clear  that  adding  a  single  passively  tuned  absorber  to  the  structure  with  closely 
coupled  modes  reduces  the  magnitudes  of  the  resonances  in  the  vicinity  of  the  RMA’s 
frequency.  Higher  modes  are  not  affected.  Furthermore,  the  RMA  dampens  the 
vibrations  at  all  points  on  the  structure,  no  matter  where  the  RMA  is  attached  or,  for 
that  matter,  where  the  structure  is  disturbed. 

4  DAMPING  OF  THE  STRUCTURE  WITH  COINCIDENT  MODES 

The  analytical  and  experimental  procedures  described  above  were  repeated  for  the 
case  of  coincident  modes.  Analytically,  the  RMA’s  natural  frequency  was  4.9621 
Hertz,  and  the  damping  ratio  was  0.13619.  The  RMA  was  experimentally  tuned  to  a 
natural  frequency  of  4.8252  Hertz  and  a  damping  ratio  of  0.13619.  As  before,  the 
RMA  was  attached  at  Position  3  and  the  structure  was  disturbed  at  Position  3. 

The  responses  are  similar  to  those  obtained  when  a  passive  vibration  absorber  is 
attached  to  a  single  degree  of  freedom  system  (Den  Hartog,  1956,  Miller,  1988).  The 
baseline  structure’s  response  was  similar  to  that  of  a  single  degree  of  freedom  system 
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since  the  coincident  modes  generated  a  single  peak  in  the  frequency  response  function. 
It  appears  that  the  RMA  damped  equally  the  vibrations  of  the  first  two  structural 
resonances,  and  the  resulting  response  simply  mirrored  that  of  a  single  degree  of 
freedom  system  with  a  passive  vibration  absorber  attached.  Experimentally,  the 
analytical  results  were  verified. 

To  observe  the  effects  of  the  passive  RMA  at  other  points  on  the  structure,  analytical 
frequency  response  functions  of  the  structure’s  responses  at  Positions  4,  5,  and  6  were 
obtained.  As  before,  the  RMA  was  attached  at  Position  3  and  the  structure  was 
disturbed  at  Position  3.  Although  the  RMA  damped  the  structure’s  first  two 
resonances  at  all  points  along  the  structure,  the  damping  of  one  of  the  structural 
resonances  was  diminished  further  from  the  RMA.  For  instance,  at  Position  6,  while 
the  damping  of  one  structural  resonance  was  similar  to  that  obtained  at  Position  3, 
the  frequency  of  the  other  mode  was  unaltered,  and  the  mode  exhibited  less  damping 
than  at  either  Positions  3,  4,  or  5.  Once  again,  these  results  were  verified 
experimentally. 

Further  investigations  revealed  that  the  passive  RMA  would  only  damp  the  entire 
structure  if  the  disturbance  was  collocated  with  the  RMA.  For  example,  with  the 
RMA  at  Position  3  and  the  structure  disturbed  at  Position  5,  frequency  responses 
corresponding  to  Positions  3,  4,  5,  and  6  were  obtained.  At  Position  3,  both 
structural  resonances  were  damped;  however,  an  anti-resonance  appeared  between 
the  two  resonant  peaks.  At  Position  4,  even  though  one  structural  resonance  was 
heavily  damped,  the  frequency  of  the  other  mode  was  essentially  unchanged  and  the 
mode  was  only  slightly  damped  as  a  result  of  adding  the  passive  RMA.  The  response 
at  Position  5  was  almost  identical  to  the  baseline  structure’s  response.  The  RMA’s 
resonant  mode  was  barely  noticeable,  as  was  one  of  the  structure’s  resonant  modes, 
hence,  the  passive  RMA  was  still  effective  in  damping  one  resonant  mode,  although 
the  response  of  the  other  structural  resonance  was  only  very  slightly  damped 
Finally,  at  Position  6,  it  appears  that  the  structural  response  with  the  RMA  attached 
was  actually  worse  than  the  baseline  structural  response.  In  reality,  although  the 
par3i’'p  RMA  damped  one  structural  resonance,  this  occurred  at  the  expense  of  the 
other  structural  resonance  Experimental  results  were  once  again  identical  to  the 
analytical  results. 

Disturbing  the  structure  at  Position  6  with  the  RMA  attached  at  Position  3  likewise 
yielded  some  intriguing  results.  The  frequency  response  for  Position  3  showed  one 
resonance  to  be  damped  as  before,  but  the  resonant  frequency  of  the  other  mode  was 
unaltered  and  the  magnitude  of  vibration  was,  in  fact,  larger  than  the  first  resonance. 
The  responses  at  Positions  4  and  5  again  showed  that  the  passive  RMA  damped  the 
vibrations  of  only  one  of  the  structural  resonances,  while  the  other  structural 
resonance  was  less  damped  than  before.  Finally,  at  Position  6  one  resonance  was 
effectively  eliminated;  adding  the  passive  RMA  resulted  in  a  slight  dampening  effect 
on  the  structure’s  other  resonant  mode.  These  results  were  all  verified 
experimentally. 

The  above  results  clearly  differ  from  the  results  obtained  with  the  passive  RMA 
attached  to  the  structure  with  closely  spaced  modes.  Root  locus  plots  of  the 
structure’s  first  two  modes  (with  the  passive  RMA  attached)  were  computed  as  a 
function  of  the  position  of  the  lead  weights.  These  plots  show  that  when  the  modes 
are  coincident,  the  real  parts  of  one  of  these  modes  is  zero.  In  fact,  it  was  observed 
that  this  mode  is  uncontrollable.  Therefore,  when  the  actuator  is  attached  to  the 
structure,  one  mode  is  damped  out  while  the  other  mode  is  unaffected.  If  a  steady 
state  disturbance  is  introduced  to  this  system,  it  is  possible  that  the  energy  in  the 
controllable  mode  is  "funneled"  to  other  parts  of  the  structure,  resulting  in  an 
increase  in  vibrations  at  some  other  point  in  the  structure. 
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Obviously,  a  structure  with  coincident  modes  behaves  differently  than  a  structure 
which  has  modes  that  are  close  but  separate.  If  one  of  those  modes  remains 
uncontrollable,  then  control  of  the  entire  structure  is  compromised.  Hence,  a  control 
scheme  which  uses  passive  damping  must  be  able  to  discriminate  between  the  various 
structural  resonance,  or  the  control  system  itself  may  not  be  able  to  eliminate  a 
structure’s  vibrations. 

5.  CONCLUSIONS 

Based  on  the  analytical  and  experimental  results  presented,  a  passive  reaction  mass 
actuator  reduces  the  resonant  vibrations  of  a  structure  with  closely  spaced  modes, 
provided  the  resonances  are  close  to  the  actuator’s  resonant  frequency.  The  effects  of 
this  damping  diminish  with  resonant  modes  further  from  the  actuator’s  tuned 
frequency.  In  addition,  the  vibrations  are  reduced  everywhere  on  the  structure,  no 
matter  where  the  structure  is  disturbed. 

On  the  other  hand,  if  the  structure  has  coincident  modes,  the  passive  reaction  mass 
actuator  can  actually  enhance  the  resonance  of  one  of  the  structure’s  coincident 
modes.  If  the  absorber  and  disturbance  are  collocated,  the  vibrations  are  reduced  all 
along  the  structure.  However,  if  the  disturbance  is  at  some  other  point  on  the 
structure,  there  are  places  along  the  structure  where  the  vibrations  are  actually  less 
damped  with  the  absorber  attached  than  without  the  absorber.  Thus,  control 
schemes  for  structures  with  coincident  modes  may  not  eliminate  structural  vibrations 
if  controllability  of  the  structure  is  not  taken  into  account. 
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Shear  mode  piezoceramic  sensors  and  actuators  for  active  torsional  vibration 
control 


Cilia  Chi  Sung*.  Xiao-Qi  Rao.  Vasunclara  V.  Vaiadan  ami  Vijay  K.  Varadan 
Department  of  Engineering  Science  and  .Mechanics,  Center  for  the  Engineering  of  Electronic 
and  Acoustic  Materials.  The  Pennsylvania  State  Cniversity,  Cniversity  Park,  P.A  16S02 

.ABSTRACT:  This  paper  presents  an  investigation  of  pure  torsional  vibration  control  of 
circular  tubes  using  piezoelectric  sensor/actiiaiors.  A  theoretical  analc  sis  for  shear 
moile  sensors/actuators  is  pre.sented.  Two  types  of  sensors/actuators  are  fabricatetl  anti 
tested  w  ith  a  velocits  feedback  control  system.  An  increase  in  the  damping  factor  anti 
a  tiecrease  in  the  resonance  peaks  of  the  transfer  function  curves  are  observetl  for 
various  tubes.  The  investigation  shows  the  feasibility  of  using  the  piez.oceramic  shear 
mode  sensors/actuators  to  actively  control  the  torsional  vibration  of  tubes. 

I,  l.Vr'RODCCTION 

There  is  a  grow  ing  interest  in  the  application  of  piez.oceramic  sensors  anti  actuattn  s  in  active 
vibration  ctuitrol.  Most  ptiblisheti  works  in  this  area  ;ue  focused  on  beam,  truss  anti  plate 
vibration  ctnitrol.  This  paper  investigates  pure  torsional  vibratitin  control  of  tubes  using 
piezoelectric  sensors/actuators.  Two  types  tif  F’ZT  sensor/acluaiors  are  designed.  Roth  of 
them  can  be  attacheti  to  the  surfaces  of  circular  tubes  and  are  sensitive  or  effective  onl>  to  the 
ttirsional  vibration  of  the  tubes.  The  coupling  of  the  scnsors/actuators  to  the  resonant  modes 
of  the  tubes  are  fomiulated. 

The  perfomiance  of  PZT  shear  mode  sensors/actuators  applied  to  active  vibration  control  are 
experimentally  tested  with  a  elocity  feedback  control  system.  Closely  located  one¬ 
sensor/one-actuator  arrangement  is  used.  Two  different  methods  are  used  to  judge  the  control 
perfomiance:  one  is  to  measure  the  damping  factor  from  the  wavefortn  in  time  dotnaiti.  the 
other  is  to  compare  the  frequency  responses  of  the  transfer  function  from  an  exciter  to  the 
sensor  in  the  cases  with  and  without  active  control. 

Several  different  cases  are  tested:  1 )  structure  -circular  lubes  with  and  without  end  mass;  2) 
material  of  the  tube  -  phenolic  and  pyrex:  3)  sensor/actuator  -  ring  type  and  shell  type;  4) 
control  -  single  mode  and  multiple  modes.  An  increase  in  the  damping  factor  by  a  factor  of 
2.6  to  .3.4  times  or  a  decrease  in  the  resonance  peaks  of  the  transfer  function  curves  from  4  to 
9  dB  are  achieved  by  the  active  control  technique. 


*  C'urrent  address;  Istitute  of  Naval  Archtecure.  National  Taiwan  University.  Taiwan,  R.O.C. 
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2.  SHEAR  MODE  TRANSDUCERS  FOR  CIRCULAR  TUBES 


Circular  shear  mode  transducers  are  designed  as  sensors/actuators  of  shear  stress/strain 
exhibited  on  pure  torsional  vibration  ot  a  circular  tube.  The  transducers  are  made  of 
piezoelectric  ceramics  (PZT),  which  has  higher  electromechanical  coupling  coefficients  than 
other  piezoelectric  materials.  The  constitutive  equations  of  PZT  can  be  written  as: 


Sp  Sp,|T,|  +  d^pE_ 


D  =  d  T„  +  e  ,  E 

1  HI  q  ik  k 


where  i,k=l.  2.  and  p.q=l.  2 .  6.  and  the  piezoelectric  constants  are  in  the  form  of 

following  matrix: 


P  (I  0  0  0  d|.  0~| 

d  =1  *’  ^15  I 

r  1  I 

|^d„d,,d„0  0  ()J 


From  the  equations,  it  is  obvious  that,  when  the  electrodes  of  the  transducer  are  perpendicular 
to  the  axis  I  or  2,  the  transducer  will  sense  or  affect  to  the  shear  stress  or  stniin  only.  Two 
different  type  transducers  used  in  the  experiments  arc  shown  in  Fig.  1.  The  original 
electrrxies  in  the  tigures  arc  the  electrodes  used  in  the  polarization  prixess. 


(a)  Ring  type  (b)  Shell  type 

Fig.  I  Electrode  arrangements  of  shear  mtxic  transducers,  (arrow  indicates  poling  direction) 

Theoretical  analysis  of  the  ring  type  shear  mode  transducer  shows  that,  when  it  is  used  as  a 
sensor,  the  output  current  with  short  circuit  L(t)  is 


Ijt)  =  kX|0,(x,  (-O.txUl  dq,(t)/dt 


) 
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where  the  0,(X| )  and  O.IXt  )  are  the  displacement  distribution  (angle)  of  the  i-th  mode  at  two 
ends  of  the  ring  respectively,  dq,(t)/dt  is  the  modal  velocity  of  the  i-th  nuxle.  and 

K  =  (27tn,/l)  d|  Vs'^tu- 


where  r  is  the  average  radius  of  the  ring,  q  is  the  wall  thickness  of  the  ring,  1  is  the  length  of 
the  ring,  and  s^jj  is  the  elastic  compliance  constant. 

When  used  as  an  actuator,  the  equivalent  force  (torque)  for  the  j-th  mode  F|(t)  is  as  follows: 

F-|lt)  =  K|0|(xi  )-0,(.S2)!  V,,(t),  (j=l,2 . ) 

where  V  |(t)  is  the  voltage  applied  to  the  actuator.  The  modal  displacement  distribution  can  be 
found  by  finite  element  approach. 

.1  EXPFRl.MfiN'rAl.  SETUP  AND  RFUSULTS 

To  demonstrate  the  ability  of  the  shear  mode  sensors/actuators,  experiments  are  petfomted  on 
circular  tubes  with  one  clamped  end.  A  velocity  feedback  control  algorithm  is  applied.  One 
sensor  and  one  actuator,  which  are  closely  located  near  the  clamped  end.  are  utilized  in  the 
control  system. 

Five  tubes  are  tested  in  the  experiments.  The  tubes  are  hollow  shafts  with  clamped-free  or 
clamped-endmass  boundary  conditions.  Two  materials,  phenolic  and  pyrex  .  are  chosen  for 
the  tubes.  Table  1  exhibits  detailed  descriptions  of  the  tubes. 


Table  1  Descriptions  of  tubes 
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The  dimensions  of  the  ring  type  transducers  are  12.7  mm  in  outside  diameter.  0.787  mm  in 
wall  thickness  and  6.3.6  mm  in  length.  Both  the  ring  and  shell  type  transducers  are  bonded 
onto  the  surface  of  the  tubes  by  a  regular  epoxy. 

Two  different  setups  as  shown  in  Fig.  2  are  tested  in  our  experiments.  In  setup  1 .  a  heavy 
end  mass  is  attached  to  the  free  end  of  the  tube.  The  centers  of  transducer  1  (actuator)  and 
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transducer  2  (sensor)  are  located  4  mm  and  10.4  mm  respectively  Irom  the  clamped  end.  .A 
velocity  feedback  control  algorithm  is  applied.  The  feedback  loop  incluties  an  current 
amplifier,  a  filter,  a  phase  shifter,  a  preamplifier,  and  a  power  amplifier.  A  digital 
oscilloscope  recorded  the  free  decaying  vibration  of  the  tubes  w'ith  and  without  active  control. 
Damping  ratios  are  calculated  according  to  the  recordeil  data.  The  dominated  vibrations 
excited  in  our  experiments  w  ith  setup  1  are  the  first  mode  of  the  tubes.  This  setup  is  applied 
to  tubes  1.  2  and  .T  A  typical  waveform  is  presented  in  Fig.  .v  Controlled  results  arc 
summarized  in  Table  1.  Damping  factors  are  increased  by  2.6  to  .T.^6  times. 


Configuration  1  Configuration  2 


Fig.  2  .Structure  and  transducer  arrangement,  of  tubes. 


Table  2.  Control  results  for  tubes  1.  2  and  .v 


Fig.  First  mode  control  of  tube 

In  setup  2.  there  is  no  end  mass  A  third  transducer  (driver)  is  applied  on  a  selected  location  of 
the  tube  to  provide  the  external  driving  force.  The  location  selected  is  10.7  cm  from  the  center 
of  transducer  to  the  clamped  end.  A  dynamic  signal  analyzer  is  connected  to  the  driver  and 
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sensor  to  measure  the  transfer  function  from  the  driver  to  the  sensor.  This  setup  make  direct 
measurements  in  the  frequency  domain  possible  and  is  applied  to  tubes  4  and  5.  Both 
capabilities  of  controlling  the  first  three  modes  separately  (single  mode  control)  and 
simultaneously  (multimode  control)  are  tested.  Typical  curves  of  transfer  functions  are 
presented  in  Figs,  4  and  5.  Reductions  about  5  to  9  dB  in  the  resonance  peaks  are  obtained  in 
single  mode  control.  In  multimode  control  of  tube  4,  6,3  dB,  4  dB  and  9.4  dB  reductions  are 
achieved  for  the  first,  second  and  third  tnodes  respectively. 


Fmi  Mode 


Second  Mode 


r— T-n 

■  ! 

!  ; 

'  '  b"  T 

t  1 

;  ;  ,3-^ 

^  .  a -  .........  . 

,  ' 

! 

~hifd  Mode 


Fig.  4  Single  mode  control  of  tube  5. 


Fig.  .6  Multimode  control  of  tube  4. 


4.  SU.VI.MAR’F 

Two  types  of  shear  mode  FZT  sensors/aciiiators  are  designed  and  fabricated  for  active  tube 
torsional  vibration  control.  The  sensors/actuators  are  tested  with  an  analog  velocity  feedback 
Cv  ntrol  system.  The  control  performances  are  stutlied  in  both  time  and  frequency  domains. 
The  increases  in  the  damping  factors  are  obviously  observed  for  all  the  tested  lubes  with  both 
types  of  sensors/actuators.  This  investigation  shows  the  feasibility  of  using  the  piezoceramic 
shear  sensors/actuators  to  actively  control  the  torsional  vibration  of  tulx'S. 
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Fabrication  of  multilayer  ceramic  actuators 


A  P  Ritter,  A  E  Bailey,  F  Poppe,  and  J  Galvagni  * 

Martin  Marietta  Laboratories,  1450  South  Rolling  Rd.,  Baltimore,  MD  21227;  *AVX  Corp,, 
Myrtle  Beach,  SC  29577 

ABSTRACT;  Fabrication  of  layered  ceramic  actuators  using  techniques  developed  for 
production  of  multilayer  ceramic  capacitors  allows  flexibility  in  actuator  design  and  permits 
significant  volume-cost  benefits  that  are  needed  for  practical  implementation  of  active  elements 
in  smart  structures.  Key  design  issues  include  required  stroke,  hysteresis,  operating 
temperature  and  stress,  bandwidth  and  related  system-specific  parameters. 


1.  INTRODUCTION 

Ceramic  materials  employed  to  provide  active  control  of  moving  structures  have  relatively  small 
field-induced  strains  (typically  0.01  -  0,1  %  strain  at  1  MV/m  applied  field)  although  they  generate 
large  forces  because  of  their  high  stiffness.  In  order  to  obtain  usable  displacements,  ceramic 
thickness  is  increased;  however,  operating  voltages  needed  to  achieve  needed  field  strengths 
(~  IMV/m)  can  get  extremely  large.  For  example,  a  I-cm-tall  block  of  monolithic  ceramic  may  be 
capable  of  producing  8-  to  10-pm  displacement,  but  would  require  about  10  kV  to  attain  requisite 
field  strength.  By  dividing  that  block  into  very  thin  layers  (e.g.,  0,1  -  0.2  mm),  connected  in 
series  mechanically  and  in  parallel  electrically,  comparable  displacement  can  be  obtained,  but  drive 
voltages  are  reduced  by  about  2  orders  of  magnitude.  The  essence  of  multilayer  actuator 
fabrication  is  to  first  select  optimum  active  materials  and  then  utilize  methods  that  allow  extremely 
thin  layers  to  be  produced  and  interconnected  with  uniform,  reproducible  displacement,  at 
reasonable  cost  and  quantity.  Techniques  employed  to  produce  multilayer  ceramic  capacitors  have 
demonstrated  applic.ability  to  the  low-cost,  high-volume  production  of  high-performance  actuator 
components. 

This  paper  is  an  overview  of  the  multilayer  actuator  fabrication  process  which  will  clarify 
relationships  among  different  parts  of  the  process  and  thus  highlight  the  practical  tradeoffs  that 
must  be  made  when  designing  and  applying  an  actuator  for  active  structure  control. 

2 .  ACTUATOR  FABRICATION 

Central  to  the  fabrication  process  is  the  need  to  obtain  very  thin  ceramic  layers  in  order  to  reduce 
operating  voltages  to  practical  levels,  i.e.,  hundreds  of  volts.  In  that  these  devices  are  multilayer 
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capacitors,  they  must  be  designed  to  withstand  the  electrical  stresses  to  provide  robust,  long-lived 
performance.  Unlike  multilayer  capacitors,  actuators  are  also  mechanically  active,  and  can  have 
significant  internal  stress  gradiants  that  ultimately  limit  performance  and  reliability.  However, 
given  proper  internal  electrode  designs  and  well-controlled  fabrication  methods  (Takahashi  et  al. 
1985,  Winzer  et  al.  1989)  devices  can  sustain  electrical  and  mechanical  stresses  for  at  least  lOO's 
of  millions  of  cycles  with  no  degradation  of  performance.  The  basic  actuator  fabrication  process 
(Fig.  1)  includes  powder  selection  and  processing,  tapecasting  to  produce  thin  unfired  ("green") 
layers,  printing  with  noble  metal  electrode  inks  to  create  internal  electrode  patterns  for  subsequent 
termination,  near-net-shape  forming  of  unfired  laminated  devices,  burnout  of  organic 
components,  and  sintering  to  produce  a  densified,  co-fired  composite  made  up  of  alternate  layers 
of  ceramic  (hundreds  of  pm  thick)  and  electrode  (5-10  pm  thick).  The  steps  are  reviewed  in 
greater  detail  in  the  following  section. 


Figure  1.  Multilayer  actuator  fabrication  process 


Selection  of  the  proper  material  for  construction  of  the  actuator  is  predicated  on  an  understanding 
of  the  fundamental  properties  of  different  classes  of  ferroelectric  compounds,  including  hard  and 
.soft  piezoelectrics  and  high  strain,  low  hysteresis  electrostrictive  ceramic  materials.  Inherent 
properties  of  these  materials  can  be  accented  for  different  applications,  where  needs  for  absolute 
stroke,  hysteresis,  linearity,  operating  temperature  range,  force  output  and  electrical  efficiency  are 
traded  against  one  another.  In  general,  hard  piezoelectric  materials  provide  the  most  linear 
behavior,  lowest  electrical  and  mechanical  losses  (among  piezoelectrics),  and  greatest  stability 
over  wide  temperature  and  pressure  ranges  of  operation.  This  stable  performance  comes  at  the 
expen.se  of  field-induced  strains  -  hard  piezoelectrics  produce  the  smallest  displacements  per  unit 
length  (~0.()3'5f  strain  @  1  MV/m).  Piezoelectric  materials  that  produce  large  strains  (-0.06% 
strain  @  I  MV/m)  have  a  ".soft"  domain  structure  that  is  affected  to  a  greater  degree  by  changes  in 
temperature  and  prestress  and  has  inherently  higher  losses.  Relaxor  electrostrictive  materials 
produce  the  greatest  field-induced  strains  (up  to  0.1%  strain  @  1  MV/m)  with  extremely  low 
hysteresis;  however,  their  response  is  quadratic  and  most  susceptible  to  variation  with 
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temperature.  Each  material  has  special  attributes  for  specific  applications,  and  all  can  be 
processed  with  equal  facility  in  multilayer  ceramic  actuators. 

Ceramic  powders  for  actuator  fabrication  can  be  produced  using  industry  standard  mixed-oxide 
techniques  at  costs  of  10s  of  dolkirs/kg  in  quantities  up  to  2000  kg  in  a  single  run.  Meticulous 
process  control  is  crucial  in  that  all  subsequent  steps  rely  on  controlled,  reproducible  powder 
properties  for  consistent  results.  Important  considerations  are  chemical  purity,  compositional 
stability  and  powder  morphology. 

Tapecasting  is  a  process  that  spreads  a  slurry  of  ceramic  particles  and  organic  binders  into  a  thin 
film  that  is  dried,  printed  with  electrode  patterns  and  then  laminated,  without  adhesives,  into  a 
monolithic  stack  of  unfired  ceramic  /  electrode  layers.  Like  control  of  powder  morphology, 
control  of  slurry  rheology  is  crucial  to  obtttining  reproducible  tape  casts.  Slurries  typically  contain 
about  4Q9c  solvents  and  60%  solids,  including  -90  vol%  ceramic  and  10  vol%  binders, 
plasticizers  and  dispersants.  Dried  ceramic  tapes  typically  are  25-  to  250-iim  thick,  thin  tape 
layers  produce  lower  operating  voltage  (and  low  impedance)  devices.  Ceramic  tapes  undergo 
approximately  20%  linetir  shrinkage  upon  firing. 

After  the  tapecast  films  are  dried,  they  are  punched  or  mounted  in  a  metal  frame  to  provide 
registration  during  the  electroding,  stacking  and  laminating  steps.  Good  registration  techniques 
allow  horizontal  alignment  to  be  maintained  within  approximately  20-30  pm  during  stacking. 
Prior  to  stacking,  individual  tape  layers  are  screen  printed  with  metal  ink  electrode  patterns.  The 
ink  layers  serv'e  as  internal  electrodes  to  the  stacked  ceramic  layers  after  the  device  is  fired.  Noble 
metals  (e.g.,  Au  or  Pt)  are  better  choices  for  internal  electrodes,  despite  their  cost,  since  they  are 
significantly  less  mobile  than  lower  cost  electrode  materials  (e.g.,  Ag).  Migration  of  electrode 
material  in  the  presence  of  electric  field  and  humidity  is  one  of  the  limiting  factors  in  the  long-term 
performance  of  multilayer  ceramic  components.  Nonetheless,  electrodes  are  ultimately  the 
primary  cost  driver  in  high  volume  fabrication,  and  development  opportunities  exist  in  this  area. 

Electroded  ceramic  tapes  are  stacked  and  laminated  to  form  the  near-net-shape  component.  It  is  at 
this  stage  that  one  of  the  principal  advantages  of  the  multilayer  fabrication  process  becomes 
apparent.  Because  the  ceramic  is  as  yet  unfired,  there  is  flexibility  in  the  shape,  size  and  stacking 
sequence  of  the  device  being  made.  This  allows  layer  thickness  within  the  stack  to  be  varied, 
controlling  the  field  (.stre.s.s)  gradients  to  improve  reliability.  Device  cross-.sections  can  be  circular, 
square  or  rectangular.  The  devices  can  have  very  low  aspect  ratios  with  relatively  few  active 
layers  ( "bimorphs")  and  high  aspect-ratio  parts  with  hundreds  of  active  layers  (stacks),  all  of 
which  may  be  produced  without  significant  changes  to  the  fabrication  process.  This  flexibility 
means  that  parts  can  be  specifically  tailored  for  an  application  at  low  risk  and  cost. 


696 


Active  Materials  and  Adaptive  Stnu  tnres 


Binders  and  plasticizers  must  be  removed  (burned  out)  from  the  laminated  actuator  prior  to  firing. 
Removal  is  accomplished  by  heating  in  air  to  allow  organics  to  oxidize  and  escape  through  the 
intergranular  porosity.  Heating  is  done  at  very  low  rates,  over  a  period  of  days,  to  allow  gases  to 
escape  without  building  up  pressure  that  delaminates  or  deforms  the  stack.  After  the  organics  are 
removed,  the  ceramic  /  metal  powders  are  cofired  at  high  temperature  (>  1000°C)  to  produce  the 
dense,  stiff  ceramic  actuator.  Electrical  interconnection  is  provided  by  a  second  firing  step  where 
conducting  strip  electrodes  are  bonded  to  the  alternate  layers.  For  the  piezoelectric  devices,  the 
fabrication  process  is  completed  by  applying  a  ptoling  field  at  elevated  temperatures;  electrostrictive 
materials  do  not  require  this  step. 

3.  ACTUATOR  PERFORMANCE 


Properly  designed  multilayer  actuators  have  the  same  behavior  as  the  bulk  material  used  in  their 
fabrication.  Using  the  multilayer  fabrication  methods,  actuators  up  to  3-4  cm  in  length,  containing 
IfiOs  of  active  layers,  have  been  produced  (Fig.  2a).  These  devices  produce  displacements  of  up 
to  35  pm.  Depending  on  the  type  of  active  material  used,  voltage  /  displacement  behavior  may  be 
radically  different  (Fig.  2b),  and  thus  useful  for  a  wide  variety  of  structure  control  applications,  as 
either  di.screte  components  or  embedded  arrays. 

a)  b) 


Figure  2.  Multilayer  actuators  a)  may  have  hundreds  of  active  layers  and  b)  produce  lO's  of  pm 
di.splacment  with  several  hundred  volt  drive.  The  respionse  is  distinctly  different  for  piezoelectric 

and  electrostrictive  materials. 
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ABSTRAC'I';  A  true  smart  material  is  being  resetirehed  that  does  not  require 
emiieddetl  sensors.  The  carbon  epos s  composites  .ire  ile\elopei.l  with  self-sensing 
eapabiliis  ,  bv  sputtering  the  embi'n  libers  v.ith  pie/oeleetrie  /.me  Osule.  An  electric 
fieUI  is  deseliiped  uhen  the  composite  structure  is  sir.imed.  thus  allouing  the  sibration 
measurement,  I  he  researeh  m  |irogress  is  aiming  for  complete  hetilth  monitoring  of 
the  composite  strueture. 


Carbon  eposv  eompcisites  are  some  of  the  most  important  structural  materials  for  the  present 
and  liiture  needs  of  the  Department  ot  Defense,  The  fundamental  research  in  progress  is 
leading  to  structural  composites  that  ha\e  inherent  intelligent  properties,  aehieseil  vsithout 
embetlded  sensors.  I  bis  researeh  is  being  pursued  liy  svnthesi/mg  "sensitise"  carbon 
filaments  depositesi  ssith  thin  films  of  pie/oeleeirie  /ine  Oxide  t/aiO).  I'he  carbon  fibers 
may  be  interealateil  ti'  enhance  their  eleelrieal  .ind  thermal  eoniluetis  ity.  I'hrough  these 
svnthesi/ed  fibers,  features  sif  sensing,  aetu.itioii.  and  controllability  can  be  imparted  to 
composites.  .Smart  maten.ils  e.m  be  de\  elo|ied  to  carry  out  ilesireil  functions,  ss  hieh  depend 
on  the  applie.ition,  for  example,  m  certain  struelural  applications,  smart  materials  can 
eontmuousis  monitor  the  structure's  state  isibratioii),  make  decisions  on  the  proper 
response,  and  act  l.ietiiaiei  .iccordmgh  .  linis.  sin.iri  structural  composites  can  themselxes 
carry  out  functions  that  are  nou  the  aim  ol  smart  skin  patches  aiul  tiber  optic  sensors. 


The  feasibility  of  inducing  strain  sensing  properties  in  a  material  has  been  demonstrated 
tShaikh  and  Dillon  lositti  xxnh  beam  samples  made  from  stainless  steel  strips  deposited  with 
.1  thin  film  of  pie/oeleetrie  /nO.  fhe  technique  <>f  sputtering  fibers  with  /nO  was  initially 
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dc\eU)pcd  hv  ci'ating  Ni  C'r  wires  ot  14 ^  iiiiernn  diameter.  The  synthesis  ot  intelligent 
earbon  strands  progressed  svstematie.ilK .  starting  w  ith  simple  stainless  steel  strips  and 
eventuallv  musing  to  earbon  fibers  through  moilels  ot  inereasing  soiihistieation.  Initially 
the  eiectrieal  condiictu  itv  ot  earbon  libers  was  inereased  by  interc;d;ition  w'ith  bromine  to 
enhance  the  sensor's  e.ijjabiliiN .  but  m  later  development  it  was  lound  unnecessary. 

Striieliiral  be,im  specimens  were  I’abneated  from  various  strips  anil  fibers  deposited  with 
/nO  and  tested  tor  self  sensing  of  vibration,  figure  1  shows  a  cantilever  beam  made  ot 
unidirectional  carbon-epow  composites.  I  he  carbon  straiiils  synthesi/'cd  with  ZnO  are  laid 
at  an  angle  to  the  longitudinal  axis  ot  the  beam.  The  carbon  in  the  coated  stntnd  acts  as  one 
of  the  electrodes  while  the  unco.ited  c.irbon  eposv  acts  as  a  ground  electrode.  Both 
eleelrodes  were  direcllv  connected  to  a  digital  scope  vvitlunit  any  preamplifiers. 


figure  1:  Carbon  epoxv  sample 

file  beam  vv.is  tested  for  Us  inherent  abilitv  to  sense  vibration.  The  test  consisted  of  forced 
vibration  through  a  shaker  as  well  as  natiir.il  vibration  bv  impulse,  f-igiire  2a  shows  the 
voltage  developed  m  the  co.ited  strand  when  a  small  ball  is  dropped  at  the  end  of  the  beam. 
.•\  d.inijied  natiir.il  vibration  coni.iimng  both  low  and  high  frequenev  moiles  is  seen.  Figure 
2b  shows  the  results  of  a  forced  vibration  test.  The  fixed  end  ot  the  etmtilcvcr  beam  is 
vibrated  I'ti  a  shaker  table  1  he  bottom  sienal  is  from  an  accelerometer  mounted  on  the 
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fixed  end  of  ihe  hcam.  uhde  the  io|i  signal  is  ihc  vi>lta^c  dcsckipcd  in  the  cttrbon  strand 
These  signals  were  not  amplified  or  snniothed  throtiiih  aveniginu. 


Tigtire  2a:  C.irbon  Mpo\\  Beam; 

Natiinil  \ilinition 

Piezoelectric  Signal 

1'  '  ;  A  .  i‘,  i  ■.  A  /  . 

^  ^  1 
;  j  1  i  1 '  1 , . . 

,  1  '  1  f  .  r  , :  •  :  1 .  . 

'  ,  V  V  V  V  .•  ■  V  •' 

\!  i.'V' 

•1  V  »  V  s  (,  1 

-j  4  .  . . 

Accelerometer  Sic^nal 

figure  2b:  Carbon  f.pow  Beam: 

foresxl  Vibration 
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tONCI.lSION 

Ttiij  Icasiiiiliiy  ol  a  true  siiiar!  material  has  hsvn  tleinon.slraleti  by  a  microstriicliire 
synthesi/ed  uitli  pie/oeleeine  maien;il.  aliieh  imparts  a  seH'-sensiiig  property  to  the 
material.  The  stime  eoneejit  is  beiiiit  esteiuleil  to  the  aetuation  capahilitv  through  a 
biomorph  eonstruetioii. 
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Fabrication  and  curing  of  laniinaif>  with  multiple  embedded  piezoceramic 
sensors  and  actuators 


Shiv  F.  Joshi  and  W.S.  Chan 
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AB.STRACT:  Existing  fabrication  and  curing  procedure.s  for  advanced  laminated  com¬ 
posites  have  been  standardized  by  trial-and-improvement  over  a  period  of  time.  The 
presence  of  multiple  embedded  piezoceramic  sen.sors  and  actuators  necessitate  some 
modification  of  fabrication  and  curing  procedures.  A  detailed  di.scussion  of  fabricaiitni 
procedure  is  presented  in  this  article.  The  effect  of  curing  cycle  on  the  piezoelectric 
properties  is  also  briefly  discussed. 

!•  INTRODUCTION 

Fabrication  and  curing  processes  for  advanced  laminated  composites  have  been  opii- 
mi/ed  for  the  last  two  decades.  Curing  processes  involve  control  of  pressure  and  temperature 
ov  er  the  curing  time.  Recent  research  in  this  area  has  increased  our  understanding  of  the  curing 
(Mocesses  and  resulted  in  real  time  control  of  curing  parameters  (Kranbuehl  et. ah. 1988).  Real 
lime  control  of  curing  processes  has  reduced  the  co.sts  and  time  associated  with  a  trial  and  im- 
pnn  ement  procedure  for  thick  laminated  composites  (Tam  and  Gutowski.  1988). 

The  fabrication  and  curing  proces.ses  for  smart  composite  laminates  involve  additii>nal 
parameters  arising  from  the  placement  of  sensors  and  actuators.  This  paper  describes  various 
aspects  of  fabrication  and  curing  proce.sses  for  laminates  with  multiple  embedded  piezoceram- 
ic  sensors  and  actuators.  Graphite  epoxy  laminates  with  embedded  piezoceramic  wafers  are 
discussed  in  detail. 

Chapin  and  Joshi  (1991)considered  residual  thermal  stre.s.ses  due  to  curing  process  in 
ticciding  the  optimum  placement  of  piezoceramics  in  a  laminate.  Shaw  et.al.  (1990)  discussed 
edge  stress  distribution  due  to  presence  of  piezoceramic  layers  in  a  laminate.  Crawley  and  l.uis 
I  1989)  briefly  discussed  manufacturing  aspects  of  intelligent  structures  with  embedded  piezo- 
ceramics.  The  following  is  a  detailed  discussion  of  fabrication  and  curing  methodology. 

:•  PIFIZOCERAMICS 

The  discussion  of  fabrication  and  curing  process  in  the  following  sections  is  limited  t(i 
placement  of  a  piezoelectric  material  known  as  Lead  Titanate  Zirconate  (PZT).  The  piezocer¬ 
amic.  commercially  known  as  G-l  19.*'.  is  selected  on  the  basis  of  some  desirable  properties 
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'iich  as  curie  temperature,  relatively  high  elastic  moduli  etc.  The  fabrication  and  curing  pro¬ 
cesses  are  modified  to  reduce  the  risk  of  mechanical  or  electrical  failure  to  the  network  of  em¬ 
bedded  piezoceramics.  In  addition,  it  is  necessary  to  minimize  the  deterioration,  if  any.  of 
i'le/oelectric  and  mechanical  properties  of  sensors  and  actuators. 

FABRICATION 

The  lay-up  and  geometry  of  the  structural  elements  are  known  at  the  time  of  the  fah- 
1  leation.  In  addition,  the  planer  positions  and  through-the-thickness  placement  of  actuators  and 
sensors  in  the  laminate  is  provided  to  the  fabricator.  Figure  1  shows  a  schematic  of  a  laminated 
I'late  lay-up  with  multiple  piczoceramic  wafers.  Piezoceramic  wafers  are  placed  in  cut-outs  in 


I  U.l  K'  I.  .Schematic  of  a  laminated  plate  lay-up  with  multiple  piezoceramic  wafers 

a  giass-epoxy  prepreg  ply.  The  brass  electrodes  run  on  the  opposite  sides  of  the  glass-cpox\ 
I'ls  This  ply  with  piezoceramics  placed  in  cut-outs  is  placed  between  two  glass  plies  to  insu- 
I  .  c  pie/oceramics  and  electrodes  from  the  conductive  graphite -epoxy  plies. 

The  brass  ribbon  electrodes  (thickness  0.001  inch)  cut  in  a  required  pattern  are  bonded 
lo  piezoeeramic  wafers.  The  electrodes  are  bonded  prior  to  the  placement  in  the  glass-epo.xy 
ply  w  ith  cut-outs.  Echo  bond  .*i7C  conductive  epoxy  is  used  for  bonding  electrodes  because  it 
does  not  require  application  of  heat  which  can  adversely  affect  the  piezoelectric  properties. 
T  he  bonding  epoxy  should  be  applied  uniformly.  The  brass  electrodes  should  cover  the  piezo- 
ceramic  area  completely  but  should  not  extend  over  the  edges.  Electrodes  extending  over  the 
edges  may  short-circuit  the  piezoceramic  wafer.  One  should  also  be  careful  in  applying  the 
1  onduetive  epoxy  to  avoid  short-circuiting.  An  uneven  application  of  the  conductive  epoxy 
u  ill  result  in  cracked  piczoceramic  wafers  aftercuring.  An  x-ray  radiograph  of  cured  laminates 
dunving  cracked  piezoceramic  wafers  as  a  result  of  the  uneven  application  of  the  conducti\e 
epoxy  is  shown  in  figure  2. 


H<;i  RK  2.  X-ray  radiograph  showing  undamaged  and  damaged  embedded  piezoccramic  wafers  in  the 
insulating  glas^epoxy  plies. 

The  brass  electrode  pattern  is  chosen  to  avoid  overlap  of  reverse  polarity  elcctrinlcN 
Although  an  insulating  glass/epoxy  ply  is  between  the  electrodes,  even  in  the  case  of  cracked 
glass/epoxy  ply.  such  a  pattern  will  reduce  a  possibility  of  sparking.  Cut-outs  of  same  si/c  a^ 
the  wafers  are  cut  in  the  glass/epoxy  ply  and  wafers  are  placed  in  the  cut-outs  with  clcctlodc^ 
rtinning  on  the  opposite  sides  of  the  ply.  A  glass/epoxy  ply  is  placed  on  each  side  to  ciicapvu 
late  pitvoceraniic  wafers  and  electrodes  to  avoid  a  connection  between  conductive  graphite 
epoxy  plies  and  sensors  and  actuators.  These  multiple  sensors  and  actuators  encapsulated  in 
glass/epoxy  plies  are  placed  at  required  locations  in  a  stacking  sequence  of  a  graphite/epo\\ 
hitninate.  Figure  shows  nine  piezoceramic  wafers  with  brass  strip  terminals  in  insulatinc 
glass/epoxy  plies.  Note  that  brass  electrodes  do  not  cover  the  whole  surface  of  the  wafeis 
w  hich  resulted  in  cracked  wafers  after  curing.  There  is  no  specific  requirement  on  the  w  itlth  ol 
the  brass  strips  extending  out  from  the  wafers  to  the  edges  of  the  laminate.  The  brass  eleeti  ode^ 
are  chosen  on  an  ad-hoc  basis.  They  can  be  replaced  by  any  other  type  ot  electrodes. 

The  vacuum  bagging  procedure  is  the  same  as  the  commonly  used  bagging  proeedut  e 
The  procedure  may  vary  depending  on  the  complexity  of  the  structural  part.  However,  extra 
precautions  should  be  taken  to  avoid  breaking  electrode  terminals  extending  out  of  the  lami¬ 
nate  for  external  electric  connections. 


Ktt'.l  RF  .y  Piezoceramic  wafers  with  bra,ss  terminal  strips  encapsulated  in  gtass/epoxy  insulating  plies. 
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4*  CI  RING  PROCEDURE 

Two  curing  procedures  are  tried.  The  first  one  is  a  recommended  curing  procedure  Im 
graphiie/cpo.xy  (AS4/3501-6)  laminates  of  moderate  thickness.  In  our  case  the  laminate  aU,> 
contains  glass/epoxy  and  piezoceramic  wafers  (G-1 195).  The  maximum  temperature  and  piew 
sure  applied  in  this  cycle  are  350 "F and  80psi,  respectively.  The  350  temperature  is  sliyhiK 
higher  than  the  one  half  of  the  curie  temperature.  Curie  temperature  is  the  temperature  at  which 
ccnimic  loses  piezoelectric  properties.  Piezoelectric  properties  deteriorate  if  the  piczoceramic 
is  subjected  to  temperatures  higher  than  one  half  of  the  curie  temperature. 

The  second  curing  procedure  uses  the  recommended  curing  cycle  for  glass/cpox\  lam- 
males  to  separately  cure  glass  plies  containing  piezoceramics.  These  cured  plies  arc  then 
placed  in  graphiic/epoxy  pre-preg  lay-up  and  cured  according  to  the  first  cycle.  Second  curing 
procedure  almost  doubles  the  curing  time.  However,  it  has  certain  advantages  over  the  first  cur¬ 
ing  procedure.  The  second  curing  procedure  minimizes  the  piezoceramic  wafer  cracking  ami 
shorting  between  brass  terminals  and  graphite  fibers.  The  shorting  between  graphite  fibers  and 
brass  terminals  occurs  frequently  in  the  single  cure  cycle  procedure  becau.se  graphite  fiber  pen¬ 
etrated  the  epoxy  rich  areas  of  the  glass/epoxy  pre-preg  during  co-curing.  Cured  glass, /epo\\ 
plies  with  embedded  piezoceramics  can  be  .screened  for  cracks  in  piezoceramics  and  electric 
Cl  'iinections  before  curing  them  with  graphite/epoxy  lay-up.  This  results  in  a  higher  percentage 
ot  undefective  specimens. 

■fhe  two  cycle  curing  procedure  is  now  routinely  u.sed  in  preparing  test  specimens  at 
the  University  of  Texas  at  Arlington  laboratory  facilities. 

5*  EFFECT  OF  CURING  ON  A  PIEZOCERAMIC 

Piczoceramic  wafers  are  subjected  to  the  curing  cycle's  pressure  and  temperature  w  ith- 
oiit  embedding  them  in  a  laminate.  These  wafers  are  tested  to  evaluate  the  effect  of  the  cui  iiig 
escic  on  piezoelectric  properties.  The  piezoelectric  strain  coefficient  (4,,)  is  compared  with 
\  iigin  vs  titers.  Figure  4  shows  the  variation  of  the  in-plane  normal  strain  induced  by  the  ciccii  ic 
field  applied  in  the  thickness  direction  of  the  wafer. 

The  strain  data  is  recorded  after  they  stabilize  overtime.  Strain  readings  arc  sitiblc  toi 
\  irgin  wafers.  However,  the  wafers  subjeeted  to  the  cure  cycle  become  stable  after  a  minute  or 
M'  It  is  clear  that  the  curing  cycle  deteriorates  piezoelectric  properties.  The  microscopic  in 
spcction  of  virgin  piezoceramic  and  the  piezoceramics  .subjected  to  the  curing  cycle  show  s  no 
difference  between  the  microstructure  at  five  to  ten  micron  scale.  It  rules  out  the  effect  of  mi 
cri'craking  induced  deterioration  in  piezoelectric  properties.  The  effect  of  curing  cycle  on  pi- 
c/oceramic  properties  are  being  studied  at  pre.sent  and  are  beyond  the  scope  of  this  article 
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ELECTRIC  FIELD  (VOLT/M) 


I  Kit  RK  4.  \’ariatinn  of  the  in-plane  normal  strain  due  to  application  of  electric  field  in  the  thickness 
direction 
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Experiments  on  active  vibration  control  of  a  thin  plate  using  disc  type 
pie/oceramic  actuators  and  sensors 

Suk-'^’oon  Hoag,  V'asundara  V.  Varadan  and  Vijay  K  Varadan 

Research  Center  for  tlie  Engineering  of  Electronics  and  Acoustic  Materials 
Tlie  Pennsylvania  State  Cniversity,  University  Park,  PA  16802 

ABSTRACT:  For  the  vibration  control  of  a  two  dimensional  structure  such  as  a  thin 
plate  clamped  along  all  sides,  the  piezoelectric  ceramic,  PZT  was  chosen  us  sensor,  actuator 
and  vibrator  because  of  its  large  electro-mechanical  coupling  constant  that  in  turn  allows  the 
actuators  to  output  sufficiently  large  power  and  it  also  ,serve,s  as  an  accurate  sensor.  A  series 
of  active  vibration  control  experiments  have  been  performed  fc  several  lower  modes  with 
different  types  of  control  algorithms.  In  direct  feedback  multi-mode  control,  by  superposing 
each  signal  from  particularly  positioned  sensors,  coupled  mode  signals  could  be  simplified 
without  using  filters.  .Alternatively,  modified  coupled  mode  control  using  optimal  control 
algorithm  has  also  been  used.  In  these  experiments,  the  idea  for  a  uni-di.sc  ty  pe  colocated 
sensor  (inner  disc)  and  actuator  (outer  ring)  has  been  proposed  to  implement  actual 
colocation  of  sensors/actuators  and  to  minimize  the  numbers  of  transducers  used.  The 
performance  has  been  veiified  experimentally. 

1 ,  INTRODUCTION 

For  the  vibration  control  of  a  two  dimensional  structure  such  as  a  thin  plate  clamped 
along  all  sides,  the  piezoelectric  ceramic,  PZT  (Uead-Titanate-Zirconate)  was  chosen  as 
sensor,  actuator  and  vibrator  because  of  its  large  electro-mechanical  coupling  constant.  .A 
scries  of  active  vibration  control  experiments  have  been  p/erformed  for  .several  lower  modes 
with  oifferent  type  of  control  algorithms  for  analog  control  as  well  as  digital  control. 
Although  the  system  structure  is  stiff  becau.se  of  the  material  characteristics  of  the  plate  and 
due  to  the  clamped  edges,  we  could  implement  effective  vibration  control  with  optimally 
selected  positions  and  sizes  of  sensors  and  actuators. 

Coupled  multi-mode  steady-state  quadratic  optim-al  control  procedures  for  the  plate  have 
been  developed.  General  clo.sed-form  expressions  for  the  mode  shapes  do  not  exist  for  the 
rectangular  plate.  Therefore,  we  have  used  the  Rayleigh-Ritz  procedure  to  obtain  the 
approximated  mode  shape  constants.  For  the  modal  equation,  proportio  tal  type  damping  has 
been  considere  to  obtain  a  closed-form  solution  of  the  differential  eige. -value  problem  for 
the  damped  system.  Sensing  signal  conversion  has  been  performed  10  change  the  cuiwaturc 
signal  to  a  displacement  signal.  The  actuating  signal  can  also  be  converted.  PZT  actuators  can 
be  approximately  converted  to  point  force  actuators  with  appropriate  conversion  constants 
which  function  as  the  final  control  gain. 

In  developing  multi-mode  velocity  feedback  analog  control  systems,  we  selected  a 
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specific  sensing  mode  cancellation  idea  which  serves  as  a  filter  by  adding  or  subtracting 
each  signal.  We  believe  that  this  idea  could  improve  the  control  performance.  In  this 
research,  the  idea  for  uni-disc  type  colocated  sensors  and  actuators  is  proposed  and  the 
perfonnance  is  s  enfied  experimentally. 

To  take  the  advantages  of  digitalized  system  such  as  the  flexibility  of  control  program 
and  increased  logic  capability  and  to  simplify  the  experimental  system  especially  for  multi- 
mode  control,  a  digital  conti'ol  system  composed  of  a  microcomputer  and  a  data  acquisition 
board  has  been  recommended 

2 .  .MODE  SHAPE  AND  M.^TERIAL  PROPERTIES  OF  CONTROL  STRUCTURE 


Tire  first  six  mode  shapes  of  the  all-clamped  sides  square  plate  are  shown  in  Fig.  1  and 
for  the  plates  used  in  system  1  (analog  control  system)  and  system  2  (optimal  digital  control 
system),  some  modal  frequencies  are  shown  in  Table  1.  The  control  structure  is  made  of 
aluminum  and  two  different  piezoelectric  transducers  have  been  used  as  sensors  and 
actuators.  Details  are  summarized  in  Table  2  and  3.  respectively. 


■Tallk  1 _ Mode  Freoufricies _ tEzI 
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Tabig  2  Properties  of  Control  plate 


System  7 

System  2 

Material 

Aluminum 
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0..105  X  0.305 
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Table  3 _ Properties  of  Transducer.-^ 


l,aree  Disc 

Small  Disc 

Material 

r7.T-4 

rzT-s 

25.4 

Thickness  (mm) 

0.51 

n.RQ 

Weight  _ 

4.5 

3.4 _ 

Fig.l  AU  Sides  Clamped  Square  Plate  Mode  Shapes 


3 .  MULTI-MODE  ANALOG  CONTROL  (SYSTEM  1) 

Tbe  configuration  of  the  adaptive  structure  and  system  are  shown  in  Fig. 2.  The  adaptive 
structure  is  composed  of  two  groups  of  sensors/actuators  and  each  group  has  two  sensors 
and  one  actuator.  Vibrator  VI  and  V2  have  been  used  to  generate  mode  (1.1),  (2.1)  vibration 
signal,  respectively.  By  adding  the  signals  from  the  two  sensors  SI  and  S2,  mode  (2,1) 
signals  are  canceled  out  by  the  180“  phase  difference  of  mode  (2,1)  at  the  sensor  positions 
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used.  Therefore,  only  mode  (1,1)  signals  go  through  the  system  A,  Similarly,  by  changing 
the  poling  direction  of  S4  to  negative  (-),  we  can  filter  only  mode  (2,1)  signals  that  go 
through  the  system  B.  Fig. 3  shows  the  sensing  signals  from  each  sensor  or  sen.sor  group. 
The  advantages  of  the.se  smart  filters  are  summarized  as  follows  and  experimental  results 
obtained  are  .>^hown  in  Fig. 4. 

-  Almost  lOOTf  bandpass  filtering  effect  (actual  reproduction  of  each  single  mode  signal) 

-  Some  change  of  system  resonance  frequency  or  vibrator  (source)  frequency  does  not 
decrease  filtering  efficiency. 

-  Additional  filtering  effect  (some  other  even/odd  modes  can  be  canceled.) 

-  Simple  and  low  cost 

-  For  otlier  modes  of  interest,  we  can  design  smart  filters  by  considering  the  mode  shapes. 

4 ,  MULTI-MODE  OPTIMAL  CONTROL  (SYSTEM  2) 

The  all  clamped  square  plate  does  not  have  a  clo.sed  form  solution  for  the  mode 
equations.  Therefore,  mode  shape  approximations  are  necessary  to  formulate  steady-state 
quadratic  optimal  control.  By  using  the  Rayleigh-Riiz  method,  we  can  approximate  the 
control  mode  shape  as  in  Eq.(l). 

=  ^nij  Wm(x)w^(y)  (1) 


W|j(x,y)  :  ij  mode  shape  of  plate 

Wj^(x),Wj,(y) :  beam  mode  shape  which  satisfies  the  B.C.  on  the  edges  (x=0.L  y=0.L) 


Fig.2  Experimental  Scheme  (System  1)  pjg  3  Signals  from  System  1  Sensors 
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Fig. 4  Experimental  Results  (Sysieml) 

From  modal  equation,  Eq.(2)  and  with  Table  4,  we  obtain  the  modal  state  equation  as  Eq.(3), 
After  selecting  the  perfonr.ance  index  of  quadratic  form  and  the  sampling  frequency  by  pre¬ 
test,  we  could  follow  a  regular  optimal  digital  control  procedure  using  a  Kalman  filter. 


Ti,(t)  +  2  C,  CJ,  q^t)  +  a,-  ri.(t)  =  f,(t)  (2) 
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Sensing  signal  conversions  have  been  performed  to  change  curx’aiure  signals  to 
displacement  signals  using  Eq.(4).  Evers'  sensed  signal  from  PZT  give  us  the  information  for 
curvatures  but,  to  implement  optimal  control  with  displacement  sensors,  we  need  the 
displacement  values.  In  case  of  single  mode,  the  conversion  is  straight  forward  but  in  multi- 
mode  case,  only  limited  points  on  the  plate  satisfy  the  conversion  requirements.  Those  points 
could  be  found  using  numerical  calculadon  and  could  be  decided  as  optimum  sensor  points. 
The  actuating  signal  also  should  be  converted.  PZT  actuators  ettn  be  approximately  converted 
to  point  force  actuator  with  appropriate  conversion  constants  which  serx'es  as  tlie  final  control 
gain.  To  do  this  conversion,  a  finite  element  method  package  program.  ,A.NSYS  has  been 
used  considering  equivalent  loading  for  the  applied  PZT  moments. 
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Vj,  =  [ -a  (h)  (t)  (d-j/c,-,^)  /  fs,  i+Sp)  i  [  I/A  //^  (3-\V78x*+9-W/Sy')  dx  d\- I 

=  -n.S(0.455xl0-3)(0.2xl0-3)(-10.6x!0-3)  1  Ave.Cun-aiure  ) 

(12.3x10-12-0.31x12.3x10-12) 

=  1  -91.0  1  1  Ave.Cui^'Uture  ]  (4) 

a  :  bonding  effect  h  :  neutral  axi.s  distance  t :  sensor  iliickness  A  ;  sensor  area 
d-j  :  piezoelectric  const,  e-;-^  ;  dielectric  const.  Sj],  Sp  :  elastic  compliance 

The  experimental  scheme  and  the  results  obtained  are  shown  in  Fig. 5  and  6. 
respective!)'.  By  partially  removing  the  electrode  on  the  PZT  surface,  we  could  make  an  uni¬ 
disc  type  sensor/actuator  which  results  in  a  colocated  sensor/actuator  as  in  Fig. 5. 


5.  CONCLUSION 

Piezoelectric  ceramics  are  promising  materials  as  actuators/scnsors  in  stnjctural  vibration 
control,  .‘knd  also,  circular  disc  shaped  PZT  elements  are  recommended  in  two-dimensional 
structural  vibration  control.  For  the  filtering  of  object  signal,  mode  signal  superposition 
concepts  have  been  proposed  and  gives  us  confidence  in  the  use  of  smart  filters.. \  reliable 
colocated  .sensor/actuator  system  can  be  implemented  using  uni-disc  sensor/actuator  type 
transducers. 

We  can  expect  multi-mode  optimum  control  with  a  suitably  positioned  minimum  number 
of  transducers  using  advanced  control  algorithms  (e.g.,  steady-state  quadratic  optimal 
control)  by  changing  the  number  of  control  modes,  sensors/actuators  and  the  posidons  of 
sensors/actuators. 


Fig. 5  Experimental  Scheme  (System  2)  Fig.6  Experimental  Results  (System2) 
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Vibration  characteristics  of  a  composite  beam  with  semi-active  piezo-actuators 


Sung  J.  Kim  and  James  D.  Jones 

Ray  W.  Herrick  Laboratories,  School  of  Mechanical  Engineering,  Purdue  University 

ABSTRACT:  A  new  and  novel  semi-active  control  strategy  using  surface-mounted 
piezoelectric  actuators  to  alter  the  vibration  response  of  a  composite  beam  model  is 
analytically  investigated.  Non-linear  equations  of  motion  of  the  composite  beam  are 
developed,  which  incorporate  the  influence  of  initial  in-plane  loads  generated  by  the 
piezoelectric  layers.  It  is  shown  that  the  natural  frequencies  of  a  simply-supported 
composite  beam  can  be  varied  substantially  by  applying  a  constant  voltage  to  the 
piezoelectric  layers  or  by  varying  the  electric  conditions  of  the  electrodes. 


1.  INTRODUCTION 

Piezoelectric  actuators  have  attracted  significant  attention  in  recent  years  because  of  their 
distributed  character  of  actuation  which  allows  them  to  be  tailored  to  selectively  reduce  structural 
modes  with  little  control  spillover.  Piezo-actuators  also  have  several  other  inherent  advantages 
over  conventional  actuators.  They  are  inexpensive,  space  efficient,  lightweight  and  they  can  be 
easily  shaped  and  bonded-to  (or  embedded-in)  a  variety  of  surfaces.  Furthermore,  in  contrast  to 
point  actuators,  piezo- actuators  do  not  require  a  back  reaction. 

In  past  research,  there  have  been  two  main  areas  of  relevant  research  for  the  use  of  piezoelectric 
actuators  for  control  of  structural  sound  and  vibration.  One  important  area  has  been  a 
development  of  mathematical  models  which  describe  the  substructure/piezo-actuator  coupling. 
Lee  (1987)  developed  the  equation  of  motion  for  the  composite  plate  with  piezo-actuator  layers 
based  on  Love’s  theory.  However,  when  piezo-actuators  of  high  piezoelectric  coupling 
constant  are  considered,  Lee’s  model  does  not  represent  the  trae  characteristics  of  the  piezo¬ 
actuators  since  the  variation  of  electric  condition  was  neglected  i  i  the  analysis. 

The  second  important  research  area  covers  the  development  of  control  strategies.  Active  control 
strategy  whereby  a  time-varying  electric  field  is  applied  to  surface  mounted  piezo-actuators  to 
directly  control  the  structure  vibration  have  been  widely  studied  by  many  investigators  (Bailey 
1985  and  Hagood  1990).  Further,  Hagood  (1991)  introduced  a  novel  passive  control  strategy 
which  uses  passive  electric  circuits  to  shunt  the  electrodes  of  the  surface-mounted  piezoelectric 
element  in  order  to  dissipate  structural  vibration  energy. 

Recently,  a  passive  adaptive  approach  to  controlling  structural  sound  and  vibration  using 
adaptive  materials  such  as  shape  memory  alloys  (SMAs)  has  been  demonstrated.  Bliss  and 
Gottward  (1990)  experimentally  demonstrated  the  concept  of  alternating  resonance  tuning 
(ART)  which  involves  arranging  arrays  of  panels  with  adjacent  panels  tuned  to  have  the 
resonance  frequencies  just  above  and  below  a  given  operating  frequency. 

One  of  the  interesting  characteristics  of  piezoelectric  materials  is  that  their  elastic  properties, 
such  as  Young’s  moduli  and  Pois.son’s  ratio,  depend  on  the  electric  conditions  of  the  electrodes. 
Although,  the  Young’s  moduli  variations  of  SMAs  are  far  greater  than  those  of  piezoelectric 
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materials,  there  are  some  clear  advantages  of  piezoelectric  materials  including  fast  response 
times  and  simple  electric  control  circuits.  Further,  piezo-actuators  can  be  used  to  change  the 
system  dynamic  characteristics  by  generating  in-plane  forces  rather  than  bending  moment  of 
active  control  strategy. 

In  the  current  study,  a  semi-active  control  strategy  is  investigated  to  study  the  influence  of  the 
in-plane  loads  generated  by  the  piezo-actuators  and  the  variations  of  the  electric  conditions  of  the 
electrodes  on  the  dynamic  characteristics  of  the  composite  beam  model.  Since  conventional 
composite  plate  theory  (Lee  1987)  cannot  accommodate  the  variation  of  the  changes  on  the 
electrode  conditions,  a  new  mathematical  model  is  introduced.  Also,  since  linear  beam  theory 
cannot  accommodate  the  in-plane  loads  in  the  transverse  dynamic  characteristics  of  the  beam,  a 
non-linear  beam  theory  is  introduced.  Variations  in  the  composite  beam  natural  frequencies 
with  changes  in  the  applied  electric  field  are  presented.  The  influence  of  composite  beam  length 
and  composite  geometric  configuration  on  the  changes  of  natural  frequencies  are  also 
investigated. 

2.  ELASTIC  PROPERTIES  OF  PIEZOELECTRIC  MATERIALS 


Piezoelectric  materials  in  this  study  are  assumed  to  be  of  a  hexagonal  structure  of  6mm=C(iv 
which  has  5  independent  elastic  constants,  3  independent  piezoelectric  constants  and  2  electric 
constants  (IEEE  1978).  However,  the  application  of  piezoelectric  materials  in  this  study  is 
limited  to  the  case  of  thin  composite  plates.  Thus,  the  piezoelectric  layer  is  also  assumed  to  be 
thin  and  consequently,  a  plane  stress  state  is  assumed.  Also,  the  applied  electric  field  is 
assumed  to  be  in  the  thickness  direction.  It  is  not  difficult  to  show  that  the  elastic  properties  of 
the  piezoelectric  materials  under  these  assumptions  have  following  relationships; 


1-kli 


^31 


+  V  ' 


i-kfi 


where,  k^]  = 


l-(v^)^ 


(1) 


where  Y  and  v  represent  Young’s  modulus  and  Poisson’s  ratio,  respectively.  Superscripts  D 
and  E  are  the  open-  and  short-circuited  conditions,  respectively,  while  the  variables  d3i  and  k3] 
represent  the  piezoelectric  strain  and  coupling  constants.  Figure  1  shows  the  ratios  of  Young's 
modulus  and  Poisson’s  ratio  (  (Y^A'^  and  v^/v^))  as  a  function  of  coupling  constant  k3]. 
Note  that  the  open-circuited  Young’s  modulus  and  Poisson’s  ratio  are  greater  than  those  of  the 
shon-circuited.  It  is  al.so  demonstrated  that  the  Poisson's  ratio  shows  greater  variation  than  the 
Young’s  modulus.  Note  here  that  the  typical  values  of  coupling  constant  k3|  for  piezo-ceramic 
materials  (PZT)  and  piezo- polymer  materials  (PVDF)  are  about  0.3  and  0, 1 ,  respectively. 

3,  EQUATIONS  OF  MOTION 


As  discussed  above,  Lee  (1987)  developed  the 
Love  equations  of  motion  for  the  composite 
plate  with  embedded  piezoelectric  layers.  In 
the  analysis,  Lee  assumed  that  the  electric  field 
was  constant  over  the  piezo-actuator  thickness. 
Since  mechanical  strains  for  the  structure  in 
flexural  motion  are  functions  of  thickness. 
Lee’s  assumption  lead  that  the  electric 
displacement  is  constant  with  respect  to  the 
ihickncss  variation.  However,  Gauss  law, 
which  is  analogous  to  the  mechanical  continuity 
equation,  states 


Piezoelectric  Coupling  Constant, kj, 

Figure  1.  The  Variation  of  Elastic 
Properties  of  the  Piezoelectric 
Materials 
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Therefore,  it  is  the  the  electric  displacement  rather  the  electric  field  that  is  constant  over  the 
thickness  variation. 

It  is  not  difficult  to  derive  the  Lxjve  equations  of  motion  with  the  utilization  of  above  constraint. 
In  this  study,  the  effect  of  large  deflection  and  initial  in-plane  loads  are  also  included  into  the 
equations  of  motion  of  the  composite  plate  by  introducing  new  strain-displacement  relationships 
(von  Karman  assumption)  which  includes  a  non-linear  relationship  of  strain-displacement,  and  a 
new  set  of  equilibrium  equations  (Leissa  1967).  Since  a  detailed  derivation  is  lengthy,  only  the 
final  equation  of  motion  for  specific  example  is  presented.  The  equation  of  motion  for  a 
composite  beam  as  shown  in  Figure  2  can  be  expressed  as 


^  I  D^V^uj  +  Tj,V^U3  -  V^nip/  -f  n\U3  =  qj  (3) 

Pie/oclccuic  Elxsiic 

Layers  Layer 

Figure  2.  Simply-Supported  Composite  Beam 


where  U3  is  the  transverse  displacement  and  qj  is  the  external  transverse  force.  Here  the 
variables  T(.  .  and  m^  are  the  initial  in-plane  load,  flexural  stiffness,  and  mass  of  the 
composite  plate,  respectively.  The  third  term  in  Equation  (3)  represents  the  piezo-actuator 
control  force.  The  composite  variables  can  be  found  from  a  summation  of  the  individual 
material  properties  of  each  layer  as  shown  below. 


Here,  the  variable  v,g  and  v^j  represent  the  short-  and  open-circuited  Poisson’s  ratios, 
respectively.  Note  here  that  when  the  polarization  of  the  applied  voltages  (Vq)  are  arranged  to 
generate  the  bending  moment,  the  in-plane  force  (T^)  in  Equation  (7)  becomes  zero  whereas 
when  they  are  arranged  to  generate  in-plane  force,  the  effective  moment  (mp;,)  in  Equation  (4) 
becomes  zero  which  is  the  case  of  this  study.  Note  al.so  that  when  the  electrodes  are  electrically 
open  (i.e.,  q=0),  the  flexural  rigidity  (D^,)  becomes  D^.  in  Equation  (8),  Note  further  that  the 
tlexural  rigidity  by  Lee  is  Dj,  in  Equation  (8): 
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Figure  3.  The  Flexural  Rigidity  Ratio 


Composite  Beam  Length,  L  (m) 


Figure  4.  Critical  Buckling  Electric 
Field  Strength 


D,  =  Dp  +  2Df  ,  d"  =  Dp  +  2Df  .  (8) 

Figure  3  shows  the  flexural  rigidity  ratio  (Dp/Dj  ).  Note  that  when  the  coupling  constant  k3j  is 

high,  noticeable  discrepancies  exist  between  Dp  and  Dp  .  Further,  when  the  thickness  ratio,  p= 
h_,/(hp/2),  is  high,  the  discrepancies  become  even  greater.  Therefore,  Lee’s  assumption  (i.e., 
constant  electric  field  across  the  thickness)  is  not  valid  in  these  cases. 

4.  DISCUSSION 

Since  the  beam  under  consideration  in  this  study  is  simply-supported,  the  m-th  natural 
frequency  (Wn,)  can  be  estimated  as 


4.1  Critical  Buckling  Electric  Field 

It  is  interesting  to  note  that  the  natural  frequency  in  Equation  (9)  can  be  zero  when  Tp  is  negative 
(i.e..  the  in-plane  forces  are  in  compression).  Leissa  (1969)  defined  the  critical  buckling  load 
for  symmetric  beam  as  the  load  which  makes  the  first  natural  frequency  equal  to  zero  (which 
means  that  the  beam  loses  its  flexural  rigidity  completely).  Figure  4  shows  the  variation  of  the 
buckling  electric  field  strength  as  a  function  of  the  beam  length  (L)  and  the  piezo-actuator 
thickness  ratio  (x)  which  is  defined  as  the  ratio  (x=(hj,/2)/h().  The  piezo-actuator  and 
substructure  are  assumed  to  be  PZT  and  aluminum,  respectively. 

It  is  clear  that  as  the  length  of  the  beam  increases  the  critical  buckling  electric  field  strength 
decreases,  which  is  plausible  since,  in  general,  longer  beams  have  lower  critical  buckling  loads. 
However,  as  the  piezo-actuator  thickness  ratio  (x)  decreases  (i.e.,  the  fraction  of  piezo-actuator 
thickness  to  the  total  composite  beam  thickness  decreases),  the  critical  buckling  electric  field 
strength  increa.ses.  This  can  be  explained  by  the  fact  that  the  in-plane  load  due  to  the  piezo- 
acti.ator  layer  becomes  smaller  as  the  piezo-actuator  thickness  ratio  (x)  decreases.  It  is  not 
difficult  to  see  that  the  critical  buckling  electric  field  strength  approaches  infinity  when  the  piezo¬ 
actuator  thickness  ratio  (x)  approaches  zero. 
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Figure  5.  The  Natural  Frequency 
Ratios  of  the  Composite  Beam  for 
PZT  Actuators  with  %  =  0.5 and  L  = 
0.5  (m). 


Figure  6.  The  Natural  Frequency 
Ratios  of  the  Composite  Beam  for 
PVDF  Acnjators  with  x  -  0.5and  L 
=  0.5  (m). 


For  most  PZT  piezo-actuator  materials,  the  maximum  allowable  electric  field  strength  (Efm)  is 
about  200  V/mm  for  continuous  usage.  If  the  applied  field  strength  is  exceeded,  the  piezo¬ 
actuator  experiences  de-polarization  which  causes  the  actuator  to  rapidly  lose  its  piezoelectric 
properties.  In  Figure  4,  the  dotted  line  represents  the  maximum  allowable  field  strength  (ffm). 
Therefore,  the  composite  beam  under  that  line  will  experience  buckling  if  the  maximum 
allowable  field  strength  is  applied.  Due  to  the  existence  of  asymmetries  in  every  real  composite 
beam  which  tend  to  reduce  the  critical  buckling  electric  field  strength,  this  cannot  be  easily 
verified  by  experiments.  However,  an  important  observation  in  this  result  is  that  the  dynamic 
characteristics  of  the  composite  beam  can  be  substantially  varied  by  an  applied  electric  field 
within  practical  limits. 

4.2  Variations  of  Natural  Frequency 

Figure  5  shows  the  natural  frequency  variations  of  a  composite  beam  as  a  function  of  mode 
number  (m)  for  select  electrical  conditions  of  the  piezo-actuator.  The  piezo-actuator  thickness 
ratio  (jr)  and  the  beam  length  (L)  are  arbitrary  chosen  to  be  0.5  and  0.5  (m),  respectively.  The 
applied  electric  field  strength  (£f)  is  chosen  to  be  100  V/mm,  well  below  the  maximum 
allowable  field  strength  (200  V/mm  for  PZT). 

It  is  clearly  shown  that  applied  in-plane  loads  due  to  the  piezo-actuator  greatly  influences  the 
lower  order  modes  of  the  composite  beam.  The  first  natural  frequency  can  be  varied  by  more 
than  20  %  by  applying  a  constant  electric  field  to  the  piezo- actuator.  It  is  interesting  to  note  that 
the  influence  of  the  in-plane  load  decreases  with  the  increasing  mode  number  (m). 

In  Figure  5,  the  effects  of  opening  the  electrodes  (open-circuited)  are  also  demonstrated.  The 
natural  frequencies  of  the  open-circuited  composite  beam  differ  by  approximately  12  %  from 
those  of  the  short-circuited  composite  beam  irrespective  of  the  mode.  Note  here  that  the 
opening  the  electrode  might  be  more  useful  than  applying  a  constant  electric  field  to  control  the 
higher  order  modes  because  the  in-plane  load  docs  not  create  sufficient  natural  frequency 
variations  in  the  higher  order  mode  range. 

Figure  6  shows  the  natural  frequency  variations  when  the  piezo-actuator  is  PVDF.  The  applied 
electric  field  strength  is  chosen  to  ^  1000  V/mm  which  is  10  times  greater  than  that  of  PZT 
since  PVDF  has  a  greater  maximum  allowable  field  strength,  typically  2000  V/mm.  The 
variation  of  the  first  natural  frequency  with  PVDF  actuator  is  about  2.5  %  whereas  that  of  the 
composite  beam  with  PZT  actuator  is  more  than  20  %.  Since  the  PVDF  has  a  lower  stiffness 
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than  PZT,  the  in-plane  load  generated  by  PVDF  is  smaller  than  by  PZT  and  consequently,  the 
PVDF  composite  beam  has  lower  natural  frequency  variations  than  the  PZT  composite  beam. 

PVDF  has  an  electro-mechanical  coupling  coefficient  (k3])  of  0.12,  which  is  significantly 
smaller  than  that  for  PZT  which  has  a  nominal  value  of  0.33.  Therefore,  the  Young’s  modulus 
of  the  open-circuited  PVDF  is  about  1  %  greater  than  that  of  the  short-circuited  actuator. 
Accordingly,  the  variations  of  the  natural  frequencies  by  opening  the  electrodes  (open-circuited 
beam)  a^e  less  than  1  %.  Therefore,  no  significant  changes  are  shown  in  Figure  6  when  the 
electrodes  are  open  because  the  high  stiffness  of  the  substructure  as  compared  with  the  PVDF 
actuator  prevents  significant  natural  frequency  variations.  Thus,  due  to  their  high  stiffness  and 
the  high  coupling  coefficient,  PZT  actuators  will  generally  provide  a  more  significant  natural 
frequency  variations  than  PVDF.  Nevertheless,  for  plates  and  beams  of  significant  dimensions, 
large  sheets  of  PVDF  actuators  can  easily  be  manufactured.  However,  because  of  the  highly 
brittle  nature  of  PZT  materials,  actuators  of  large  dimensions  are  not  currently  possible, 
although  an  array  of  PZT  actuators  may  prove  equally  effective. 

5.  CONCLUSIONS 

The  non-linear  governing  equation  of  the  motion  of  a  beam  which  incorporates  the  effects  of 
lar  e  deflection  and  in-plane  loads  due  to  the  piezo-actuator  layers  is  developed.  It  is 
demonstrated  that  the  open-circuited  Young’s  modulus  of  the  piezo-actuator  in  plane  stress  state 
is  different  from  that  of  short-circuited  piezo-actuator.  Furthermore,  it  is  shown  that  buckling 
can  be  caused  by  applying  an  electric  field  to  the  piezo-actuator  embedded  in  a  beam  if  a  critic^ 
buckling  electric  field  strength  is  exceeded.  The  natural  frequencies  can  be  substantially 
decreased  or  increased  by  the  in-plane  load,  i.e.,  by  applying  a  positive  or  negative  electric  field 
to  the  piezo-actuator.  The  natural  frequency  variations  are  more  significant  for  the  lower  order 
modes  and  longer  beams.  It  is  also  demonstrated  that  the  natural  frequencies  can  be  controlled 
substantially  by  changing  the  electrode  condition.  These  changes  in  the  natural  frequencies  are 
independent  of  the  boundary  conditions,  composite  thickness  and  the  beam  length.  Finally,  it  is 
shown  that,  due  to  their  stiffness  and  the  higher  coupling  coefficient,  PZT  actuators  provide  a 
more  significant  natural  frequency  variations  than  PVDF  actuators. 
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ABSTRACT:  Active  "smart"  structures  with  controllable  and/or  adaptive 

dynamic  characteristics  have  extensive  potential  applications  in  a  variety  of 
high-performance  systems,  e.g.,  aircraft/space  structures,  robots,  "smart" 
machines,  etc.  In  this  study,  an  active  adaptive  structure  made  of  piezoelectric 
materials  is  proposed  and  evaluated.  Electromechanical  equations  of  motion  of  a 
generic  piezoelectric  shell  subjected  to  mechanical  and  electrical  excitations  are 
derived  using  Hamilton’s  principle  and  the  linear  piezoelectric  theory.  Structural 
adaptivity  is  achieved  by  a  voltage  feedback  (open  or  closed  loops)  via  the 
converse  piezoelectric  effect.  .Applications  of  the  theory  are  demonstrated. 


1.  INTRODUCTION 

.Active  structures  with  controllable  and/or  adaptive  static/dynamic  characteristics 
have  great  advantages  over  traditional  elastic  or  passive  structures.  A  control  system 
integrated  with  the  active  structures  can  add  an  "intelligence"  and  an  adaptive 
ctjntrol  capability  in  which  the  system  tracks  any  disruptive  excitation,  frequency  and 
amplitude,  and  automatically  self— adjusts  to  adapt  the  "new"  environment.  This 
new  technique  can  be  applied  to  a  variety  of  new  engineering  systems,  such  as 
advanced  aerospace  structures  [1,2],  noise  and  vibration  controls  [3—6],  flexible  robot 
manipulators  [7],  high-precision  isolation  and  control  [8,9],  etc.  In  this  study,  the 
adaptive  structures  are  made  of  a  piezoelectric  material  in  which  the  adaptivity  is 
contributed  by  the  converse  piezoelectric  effect  and  controlled  by  external  feedback 
voltages.  Damping  enhancement  of  piezoelectric  coupled  beam  structures  was  studied 
recently  [1,3.10,11].  Tzou  and  Gadre  derived  a  theory  on  a  multi-layer  shell  with 
distributed  shell  actuators  [4].  .An  integrated  distributed  sensing/control  theory  of 
shells  was  proposed  and  applied  to  distributed  sensing/control  of  plates/shells  [6]. 
Tzou  and  Tseng  also  derived  a  new  piezoelectric  finite  element  applied  to  distributed 
sensing  and  control  of  distributed  parameter  systems  —  shells  and  plates  [12].  In  the 
above  studies,  active  vibration  control  —  damping  enhancement  —  was  the  primary 
goal.  Frequency  variation  of  the  piezoelectric  structures  was  not  investigated. 
Besides,  structural  adaptivity  of  piezoelectric  shells  was  not  studied.  In  this  paper,  a 
piezoelectric  shell  theory  which  accommodates  the  direct /con verse  effects  and 
mechanical/electrical  excitations  is  derived.  Equations  of  motion  and  boundary 
conditions  of  a  generic  piezoelectric  shell  are  formulated.  Applications  of  the  generic, 
shell  theory  to  an  adaptive  piezoelectric  bimorph  beam. 
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2.  THEORY  OF  \  PIEZOELECTRIC  SHELL 

Dynamic  characteristics  of  a  piezoelectric  structure  can  be  controlled  by  injecting  a 
high  voltage  into  the  structure.  In  this  section,  the  dynamic  equation  of  a  generic 
piezoelectric  shell  is  presented. 

It  is  assumed  that  the  piezoelectric  shell  is  defined  in  a  curvilinear  coordinate  system, 
i.e.,  a\  and  axes  define  a  curvilinear  surface  and  03  the  transverse  axis.  Note  that 
these  three  axes  are  orthogonal  to  each  other.  Assumptions  associated  with  the  thin 
elastic  shell  structures  follow  the  linear  Love— Kirchhoff  theory  [6].  It  is  also  assumed 
that  the  electrodes  are  fully  covered  the  top  and  bottom  surfaces.  Localization  and 
discretization  of  the  electrodes  can  be  achieved  by  defining  Dirac  delta  functions 
and/or  step  functions  which  are  not  shown  here.  It  is  also  assumed  that  a  transverse 
electric  field  E3  and  non— symmetrical  in— plane  dielectric  permittivity  coefficients  631 
and  033.  (Note  that  for  a  symmetrical  hexagonal  piezoelectric  matericil,  e32  is  equal  to 
e3|.)  Besides,  the  injected  control  voltage  is  usually  much  larger  than  the 
self-generated  voltage  due  to  the  direct  effect.  Using  Hamilton’s  principle  and 
calculating  the  variations,  one  can  obtain  the  equations  of  motion  of  a  piezoelectric 
thin  shell  [13]. 


where  Qn  and  Q23  are  defined  in  the  following  two  equations. 

Qi3AiA2  =  ^[(Mii  -  e3i  a3E3do3)A2]  + 

—  (M22  — 632  a3E3da3)  , 


Q23A  1A2 


_  a3E3dQ3)A,]  + 

■^03 

—  (M||  — 631  a3E3da3)— , 


(4) 

(5) 


where  Njj  and  M^j  are  the  force  and  moment  resultants  [4];  Aj  is  Lame’s  parameter; 
Rj  is  the  radius  of  curvature;  p  is  the  mass  density;  h  is  the  thickness,  and  q^  is  the 
external  mechanical  force.  Note  that  transverse  shear  deformations  and  rotary 
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inertias  are  neglected  Boundary  conditions  can  be  derived  accordingly,  which 
include  both  mechanical  and  electric  effects.  Note  that  these  equations  of  motions 
could  include  the  effect  of  non-uniform  voltage  distribution.  This  could  be 
introduced  by  the  resistance  of  surface  electrodes  or  spatially  segmented  electroded 
surfaces.  It  should  be  noted  that  the  boundary  conditions  are  different  from  the 
conventional  expressions  by  the  introduced  voltages.  System  "adaptivity"  of  a 
piezoelectric  shell  structure  is  achieved  by  controlling  voltage  injections 

The  derived  shell  equations  are  very  general  and  can  be  simplified  to  account  for 
many  other  commonly  occurred  geometries,  such  as  plates,  cylindrical  shells,  spheres, 
cones,  arches,  beams,  etc.  In  the  following  case  studies,  the  derived  piezoelectric  shell 
theory  is  applied  to  a  piezoelectric  bimorph  beam  made  of  two  piezoelectric  layers 
with  opposite  polarity.  Analytical  solutions  are  compared  with  laboratory  results. 


3.  AN  ADAPTIVE  PIEZOELECTRIC  BEAM 

For  a  bimorph  beam  with  opposite  polarization,  the  resultant  stress  of  each  layer  is  in 
opposite  sign  when  an  external  electrical  field  is  applied  across  its  thickness.  The 
resultant  normal  stresses  introduce  a  moment  with  respect  to  the  neutral  axis.  It  is 
intended  to  use  this  action  to  control  the  beam.  For  a  transversely  vibrating  beam, 
the  Lame’s  parameters  Ai  =  1  and  A2  =  I,  K;  =  R2  =  *.  Simplifying  the  shell 
equations  of  motions  to  a  transversely  vibrating  beam  with  a  uniform  electrical  field 
(electrode  resistance  is  neglected),  one  can  find  the  equation  of  motion; 

YT  ^  ph^^  =  0  .  (6) 

where  Y  is  Young’s  modulus  and  I  is  the  area  moment  of  inertia.  In  order  to  control 
the  structural  adaptivity,  a  control  system  is  required  as  illustrated  in  h'igure  1.  In 
this  case,  the  electrical  field  is  controlled  using  a  displacement  transducer  —  a 
proxi meter  —  output  located  at  the  free  end. 


Vo  1  tage 
Co  n  t  ro  1 


Feedba  c  k 


Prox  i  me  t  er 


P  robe ' 


Piezoelectric  Beam 


Shake  r 


- - -  (Not  to  Scale) 

Fig.l  A  control  system  for  the  piezoelectric  adaptive  beam. 

The  voltage  supplied  to  the  beam  is  proportional  to  the  displacement  at  the  free  end, 
i.r  ,  V  =  C;  S  u,i(x  =  L,  t)  where  G  is  the  control  gain  and  S  is  the  transducer 
sensitivity.  The  control  moment  can  be  defined  as 


M  = 


bhesiGS 

4 


U3(L,t)  , 


(7) 


where  b  is  the  beam  width.  Thus,  boundary  conditions  at  the  free— end  of  the 
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adaptive  bimorph  beam  are  defined  as;  1)  shear  force  Q13  =  0  and  2)  moment  M  =  K 
U3(x=L,  t),  i.e.. 


(7x2 


=  0  . 


(8) 

(9) 


where  K  =  bhesiGS  /4  .  Note  that  the  boundary  conditions  at  the  clamped  end  are 
the  same  as  any  conventional  cantilever  beam.  Substituting  the  boundary  conditions 
into  the  equation  and  considering  harmonic  motion,  one  can  derive  a  characteristic 
equation: 


cosh(AL)cos(AL)  4-  1  =  sinh(Ab)sin(AL)  ,  (10) 

YIA2 

where  A^  =  (w^ph/YI)^/^  and  uj  is  the  circular  natural  frequency.  Solving  this 
characteristic  equation  gives  the  natural  frequencies  of  the  adaptive  bimorph  beam. 
Note  that  eigen— solutions  depend  on  K  wnen  material  and  geometry  are  specified, 
i.e..  the  solution  is  a  function  of  feedback  gains  and  the  transducer  sensitivity.  Thus, 
the  natural  frequencies  and  mode  shapes  can  be  manipulated  based  on  the  feedback 
control  systems,  i.e.,  controlling  the  gain  can  vary  the  natural  frequency  of  the  beam, 
so  that  the  system  is  adaptive  and  active  control  can  be  achieved. 


fA)r  a  beam  with  b  =  10  mm,  h  =  1  mm,  L  -  100  mm,  Y  =  '1.704  x  10^  N/m^,  dsi  = 

^y‘  =  23  X  10‘2  C/.\,  the  first  three  natural  frequencies  are  23.9  Hz,  112.4  Hz,  and 

222.2  Hz.  Change  of  natural  frequency  with  different  feedback  gains  was 
investigate'd.  These  calculations  are  summarized  in  Figures  2—3  for  the  first  and  the 
second  natural  frequencies,  respectively.  Note  that  each  natural  frequency  is 
evaluated  from  negative  to  positive  feedback. 


Fig. 2  1st  natural  frequency  control.  Fig.3  2nd  natural  frequency  control. 
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It  is  observed  that  the  two  natural  frequencies  increase  when  the  control  gain 
increases.  However,  the  influence  to  each  mode  is  different.  (Note  that  the  results 
presented  in  Figure  2—3  are  for  a  cantilever  beam  without  tip  mass.) 

To  validate  the  theory  derived  previously,  a  piezoelectric  bimorph  cantilever  beam 
was  design  and  tested  in  Dynamics  and  Systems  Laboratory.  White  noise  signal  was 
input  into  a  shaker  which  directly  excites  the  beam.  The  displacement  of  free-end 
was  picked  up  by  a  proximeter.  This  signal  was  amplified  and  then  fed  back  into  the 
piezoelectric  beam.  This  model  was  only  tested  its  first  mode  with  gains  from  —  100 
to  +  100.  Note  that  an  eddy-current  sensor  was  used  for  measuring  displacement 
signal  in  the  experiment,  a  metal  mass  (tip  mass)  was  attached  on  the  beam  tip  to 
introduce  an  eddy-current.  Thus,  this  model  is  different  from  the  above  model  which 
does  not  have  a  tip  concentrated  mass.  The  frequency  spectrum  of  the  structure  was 
analyzed  by  a  signal  processing  system.  The  finite  difference  (5— point)  solution  was 
also  calculated  to  compare  with  the  experiment  results,  Table  1. 

Table  1  Comparison  between  theory  and  experiment. 


Gain 

- Y 

-10  0  ; 

-50 

0 

5  0 

10  0 

1  Feedback 
jValtage  (v)j 

-20  0  i -100 

! 

0 

100 

20  0 

1 C  a  1  c  u  1  a  1 1  ng 
Val  ue  (Hz) 

8.53  |l0.  48 

12.  39 

14  .  25 

16.  04 

,  E  xpe  r i men  t 
!  Value  (Hz) 

9  i 

_ L 

11 

13 

15 

Error 

0%j477^ 

4.7% 

^~5% 

'5.6% 

The  difference  between  the  numerical  solutions  and  experimental  data  is  primarily 
introduced  by  the  tip-mass  location.  In  the  finite  difference  model,  the  tip— mass  was 
considered  at  the  free-end.  However,  the  mass  is  about  5%  inside  in  the 
experimental  model,  which  introduces  higher  natural  frequency.  Besides,  the 
electrode  stiffness  was  not  considered  in  the  theoretical  model  and  the  finite  difference 
calculation.  This  could  explain  why  the  numerical  solution  is  lower  than  the 
laboratory  data. 


4.  SUMMARY  AND  CONCLUSIONS 

■Active  structures  with  adaptive  static/dynamic  properties  are  of  importance  in 
modern  high-performance  structures.  In  this  study,  an  adaptive  piezoelectric 
structure  is  proposed,  in  which  the  structural  adaptivity  is  contributed  by  the 
converse  piezoelectric  effect  and  is  controlled  by  voltage  injections.  A  generic  theory 
of  the  active  piezoelectric  shell  structure  was  proposed  and  the  system  dynamic 
equations  were  formulated  using  Hamilton’s  principle  and  the  piezoelectricity  theory. 
Assumptions,  limitations,  and  applications  of  the  theory  were  discussed.  The  generic 
theory  can  be  simplified  to  account  for  many  other  common  components,  e.g., 
spheres,  plates,  cylinders,  etc,  using  four  system  parameters:  two  Lame’s  parameters 
and  two  radii  of  curvatures.  Natural  frequencies  of  a  an  adaptive  piezoelectric 
bimorph  beam  were  manipulated  by  controlling  the  voltage  injections  to  the 
piezoelectric  bimorph  beam.  Analytical  solutions  were  compared  favorably  with 
experimental  results.  In  practice,  some  potential  problems,  such  as  breakdown 
voltage,  electrode  properties,  etc.,  associated  with  the  adaptive  piezoelectric 
structures  should  be  noted 
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Nanometer  level  optical  control  on  the  JPL  phase  B  testbed 


John  T.  Spanos  and  Micliael  C.  O'Xeal 

Jet  Propulsion  Laboratory.  California  Institute  ot  Technology.  Pasadena.  C.\  91101 


Abstract.  This  paper  describes  experimental  ntsearch  currently  in  progress  at 
the  Jet  Propulsion  Laboratory  aimed  at  developing  and  validating  control  con¬ 
cepts  arising  out  of  XAS.A.'s  Control  Structure  Interaction  program.  The  de.sign 
methodology  for  optical  pathlengtli  control  on  a  flexible  structure  is  described 
and  experimental  results  are  presented. 

1.  Introduction 

To  meet  the  technical  challenges  of  the  next  generation  of  space  missions,  the  Jet 
Propulsion  Laboratory  iJPLj  has  developed  a  ground  testbed  facility,  known  as  the 
Phase  B  Testbed,  to  validate  new  design  methodologies  developed  by  X.A.S.4  s  Control 
Structure  Interaction  t  CSIl  program.  The  Phasr?  B  Testbed  is  an  eight-foot  tall  flexible 
truss  structure  er^uipped  with  an  optical  morion  comp('nsation  system  ( Eldred  and 
O'Xeal  19911.  The  research  describ<'<l  in  this  paper  investigates  the  direct  control  of 
optical  elements  on  the  Plia.se  B  Testbed. 

The  oprictU  elements  on  the  Testbed  repre.sont  a  delay  line  for  a  stellar  interefer- 
oineter.  For  the  interferometer  to  piuform  it.s  mission  successfully,  the  variations  in 
the  length  of  the  path  traveled  by  light  through  the  vibrating  structure  must  be  no 
larger  than  a  few  nanometers  (Laskin  tiiid  San  .Martin  19S9).  The  pathlengtli  control 
problem  is  emulated  by  the  Testbed's  optical  motion  compensation  system  which  is 
encased  in  a  flexure-mourit<>d  frame  called  "trolley.  The  trolley  is  firmly  attached  to 
one  of  the  truss  bays  on  the  structure.  fine  motion  piezoelectric  actuator  (PZT)  and 
a  gross  motion  voice  coil  actuator  (\  C)  provide  high  bandwidth  optical  patiilength 
control, 

Previous  experiment.s  i  O'Xeal  and  Spanos  1991)  were  performed  using  an  optical 
configuration  thiat  isolated  the  trolley  from  most  structural  motion,  and  the  pathlengtli 
was  effectively  controlled  to  10  nanometers  RMS.  The  current  configuration  shown  in 
Figure  1  couples  structural  motion  directly  into  the  pathlengtli.  This  paper  describes 
the  control  system  design  and  reports  on  the  experimental  results  obtained  with  the 
new  optical  configuration. 

2.  Control  System  Design 

The  transfer  functions  for  the  two-iuput.  one-output  sy.stein  wen'  measured  via  band- 
limited  white  noise  excitation,  windowing  and  spectral  tiveraging,  a  task  facilitated 
with  a  Tektronix  '2G30  Fourier  analyzer.  The  transfer  function  from  PZT  actuator  to 
pathlengtli  measurement  sensor  is  not  affeered  Ijy  the  flexible  dyiiamie.s  of  the  Testbed 
ptirtlv  line  to  the  fact  thtit  the  iiias.i  of  the  PZT  mirror  is  sufficiently  small  and  [uirtly 
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(iu<'  to  till'  pn-sf'nci'  of  the  l)a»nn<v(J  PZT  stack  used  for  retiction  coinpenstitioii.  As  ti 
result,  the  patlilensttli/  PZT  transfer  function  was  founti  to  i)e  unity  ovtu'  the  frequency 
rnnife  T  4001)  H<;.  On  the  other  haiui.  the  \'C  loo[)  transfer  function  shown  in  Fii;;.  2 
is  impacted  significantly  l)y  the  etfei-t.s  of  structurttl  He.'cibility. 

Tile  ilominanr  peak  at  0.7  Hz  represtuits  the  fr(.'(iuency  of  the  trolley  flexure  mode. 
Otlier  pi'iiks  in  the  magnitude  of  the  VC  loop  transfer  function  correspoiid  to  higher 
freciuency  structural  modes  which  tin'  controllable  by  the  \'C  tictuator  and  obsi'rvable 
by  the  la.ser  pathleugth  nu'asun'iuent  si'iisor.  Tin,'  important  point  to  note  here  is  that 
the  low  fn'<iuency  pole-zero  pairs  are  alterntitiug  wiiich  indicates  that  the  correspond¬ 
ing  modes  will  iiitertict  stably  with  the  control  system. 

The  design  architecture  of  the  two-input.  one-our[)ur  control  .system  is  illustrtited 
in  Figure  3.  Classical  methods  (Bode  1945)  were  used  to  design  the  optical  controller 
by  shaping  the  gain  of  the  open  loop  system  in  the  frequency  domain.  It  is  important 
to  point  out  that,  unlike  most  modern  control  design  methods  ij.e..  LCJG.  H^^.  etc.  i. 
classical  loop  shaping  methods  do  not  require  a  partunetric  moilel  of  the  pl;uu  <  plant; 
system  to  be  controlled).  Generally,  a  non-par;unetri<'  model  a,s.  for  example,  the 
measurement  shown  in  Fig.  2  is  suffiiuenr  for  synthesizing  a  robust,  high  btiadwidth 
controller. 


1110 


ID  ID '  in  10"  ID' 

I'RilQI  iH/.i 


so 


I) 

-  -51) 

^  -100 
5  -150 
-7  -:oo 

—  -^50 

-  '51) 

iO 


•HI 


ID''  |0  10-  10 

f-RFyi  I'lNC'l  iH/i 
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PATHLENGTH/PZT  DISTURBANCE 


Figure  3.  Control  system  architecture 

The  control  architecture  adopted  herein  follows  that  of  Colavita  ei  al  ( 1091 )  in  the 
sense  that  the  output  of  the  PZT  compensator  is  used  to  drive  both  the  PZT  actuator 
and  the  VC  compensator.  In  this  arrangement  the  objecti^’e  of  the  \'C  loop  is  to 
desaturate  the  limited  stroke  PZT  actuator  by  keeping  the  control  command  to  the 
PZT  actuator  near  zero. 

From  the  block  diagram  of  Fig.  3  the  transfer  function  of  the  open  loop  system  is 

F  —  A 1  ( 1  7\  >  G  j )  1 1 ) 

where.  Gj  is  the  pathlength.^V'C  transfer  function.  A’l  and  Ah  are  transfer  functions 
representing  tlie  PZT  and  \'C  control  laws  respectively.  We  shall  refer  to  AhGji  as 
the  VC  loop  gain.  jA'iGi ,  as  the  PZT  loop  gain,  and  \L'.  as  the  total  loop  gam  of  the 
.system.  Note  that  the  PZT  loop  gain  Tv’iGil  is  identical  to  the  PZT  controller  gain 
Tt  1  i  siiii-e  Gi  =  1  over  the  frequency  range  of  interest. 

The  control  objective  is  to  design  each  of  the  two  compensators  such  that  the 
closed  loop  system  is  stable,  and  the  total  loop  gtiin.  \L\.  is  as  large  as  possible  over 
the  largest  achievable  bandwidth.  Thus,  the  design  requirements  are  placed  in  the 
fretiueney  domain  and  specifically  on  the  total  loop  gain.  This  is  due  to  the  fact  that 
when  II  1.  then  |I|  is  proportional  to  disturbance  rejection,  a  key  measure  of  the 
overall  closed  loop  system  performance.  Three  observations  can  be  made  (iirectlv  frorti 
111:  ' 

1.  When  iA'jG'il  »  1.  \L\  =  |A'iA':G..| 

2.  When  lA'jGji  <  1.  Ili^rjA'i; 

3.  When  jAUG-jj  =1.  jll^ojA'i; 

where  o  =  anijlcA  AjG'j )  -r  rr  and  anyle{  KyGi )  is  the  phase  angle  (in  radians )  of  K2G2 
at  the  frequency  where  lA’jGji  =  1.  In  Botle  design  terminology,  the  positive  angle 
o  is  the  phase  margin  and  the  freipiency  at  which  if  occurs  is  the  loop  gain  cross¬ 
over  frequency.  The  third  of  these  observations  represents  an  approximatii^n  not  as 
straightforward  as  the  other  two  and  valid  only  if  the  ;mgle  o  is  sutficiently  small  1  i.e.. 
O  <  1  r<ul].  Thi'se  observations  imply  that  when  the  \’C  loop  gain  is  large,  the  total 
loop  gain  is  the  product  of  tlie  \  C  and  PZT  loop  gains.  .As  the  \’C  loop  gam  tends  to 
zero,  rile  total  loop  gain  approaches  the  gain  of  thi’  PZT  controller.  .At  the  \‘C  loop 
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sain  cro.'-s-dvrr  fnxjiu'iu'y  the  total  loop  gam  i.s  thr  product  of  the  PZT  gam  ami  the 
phase  margin  associated  with  the  \  C  loop. 

With  these  obsi.Tvatioiis  in  mind,  the  design  of  'he  control  system  was  carried  out 
one  loop  at  a  time.  First,  the  \'C  controller  was  designed  to  stabilize  tlu'  system 
assuming  that  lai  it  is  drivt'n  directly  by  the  laser  [tathlength  me.asureinenr  (i.e.. 
A'l  =  1'.  and  ibi  the  PZT  actuator  is  disconnected  (i.e..  G'l  =  0  i.  Using  fre<iuem'y- 
domam  loop  shaping  techniiiue.s  i  B<tde  1943).  a  \'C  controllcT  with  tran.sh'r  function 


LE.\D  LOW  P.\SS 


was  designed.  The  controller  I'onsists  of  lal  a  first  order  lead  filter  providing  phase  at 
the  gain  cross-over  freiiuency.  tbi  a  second  order  low  pass  fiiti'r  that  attenuates  the 
magnitude  of  the  lightly  damped,  high  fretiuency  structural  modes  presi'm  in  'he  \'C 
transfer  function.  The  low  pass  filter  is  es.sential  in  ensuring  a  stable  control-structure 
interaction.  The  cross-over  frc<iuency  of  the  VC  loop  gain  was  chosen  to  be  20  Hz. 
The  phase  margin  at  this  frequency  is  in  excess  of  40  degrees  which,  in  ticcordance 
with  observjition  3  abovi'.  implies  thtit  the  total  loot)  gain  is  expecteri  to  drop  by  about 
4  'IB  in  the  neighborhood  of  the  cross-over  frequency  (20  H/  i.  Similarly,  a  third  ordi’r 
PZT  controller  was  tlesigned  and  it.'  trtmsfer  function  is  given  below: 
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The  purpose  of  'he  first  order  lag  is  to  increase  the  tot.-il  1cii.m.i  gain  at  low  fretiuen- 
cies.  (.)u  th<’  other  hand,  the  purpoM'  of  the  secontl  ordt'r  low  pass  filter  is  to  .allow 
-teep  roll-off  of  'he  PZT  loop  gain  while  still  maintaining  tuli’fjuate  phnsi'  margin  for 
stability  robustness.  The  bandwidtli  of  th<'  PZT  was  limited  by  high  fretpiency  noise, 
digital  itnph'rnentation  time  delays,  and  pha.se  lag  from  the  power  amplifier.  The  Bode 
diagram  of  Fig.  4  summarizes  the  design  by  showing  the  total  loop  transfer  function 
L  as  well  as  its  high  frequem’y  approximation  A’|.  The  effect  of  time  delays  due  to 
computer  imph'men'ation  were  taken  into  account.  The  frequency  responses  shown  in 
Fig.  4  are  i-learly  m  agreement  with  the  three  aforementioned  observations. 
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Figure  4.  Bode  plot  of  loop  gam  and  pltasi’ 
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Both  I'ontn)!  lu^v^^  were  discretized  using  the  bilinear  traiisforniatiou  and  prewarping 
was  us('ii  to  match  them  to  their  analog  counterparts  at  their  respective  gain  cross¬ 
over  frei[u<  ncies.  The  low  bandwidth  \'C  controller  was  implemented  at  2,000  Hz  and 
th(’  high  liandwidth  PZT  controller  at  12.000  Hz.  The  phase  lags  associated  with  the 
sample-and-hold  and  control  computation  were  modelled  as  pure  time  delays  since 
the  sampling  frequencies  of  both  controllers  are  much  higher  than  their  respective 
handwidths.  It  is  important  to  emphasize  that  the  control  design  presented  herein 
was  developed  by  shaping  the  frequency  response  measurement  directly  and  did  not 
involve  the  use  of  analytical  transfer  function  models. 


3.  Experimental  Results 

Figure  .j  shows  tin'  performance  achieved  by  the  two-loop  controller  in  view  of  tlie 
ambient  hiborarory  disturbances.  The  closed  loop  variation  in  optical  pathlength  is 
approximately  l.j  nanometers  R.MS.  Since  the  number  of  ligiir  reflections  in  our  delay 
line  exct'ed.s  that  of  a  stellar  interferometer  by  four,  the  equivalent  optical  pathlength 
error  is  3.75  nanomett'r.s  RMS.  Spectral  analy.sis  of  rlie  clo.sed  loop  time  record  has 
indicatei]  that  niost  of  this  error  is  due  to  noise  jccuring  at  frequencies  beyond  the 
control  bandwidth  (>  1.000  Hzl. 

Figure  G  shows  a  closed  loop  exjteriment  where  the  disturbance  is  induced  by  a 
shaker  attached  r(t  the  structure.  The  disturbance  profile  is  a  sinusoid  tuned  to  the 
freciuency  of  the'  first  truss  mode  tit  5.5  Hz.  During  the  first  5  .seconds  when  the 
controller  is  off.  tin,'  pathlength  error  is  doit.inated  by  the  5.5  Hz  sinusoidal  disttirbance. 
When  the  controller  is  turned  on.  the  disturbance  is  attenuated  by  a  factor  of  5.000 
which  is  in  agrei'uient  with  the  loop  gtiin  of  Fig.  4. 
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Figure  5.  Expi’ninental  results  with  ainbii-nt  laboratory  ilisturb.uice 
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Figure  6.  Experimental  result.s  with  funclameiital  structural  mode  (5.5  Hz)  excited 

4.  Conclusions  and  Future  Work 

The  e.xperimontal  results  obtained  thus  far  on  the  JPL  Phase  B  Testbed  indicate  that 
nanonu'ter  level  optical  pathlength  coatrol  is  feasible  in  space.  The  control  system 
desiirn  described  herein  involved  shapimt'  the  measured  plant  transfer  function  in  tlie 
frequency  domain  and  did  not  require  the  identification  and  use  of  parametric  models. 

Future  work  on  the  Testbed  will  foctis  on  reconfiguring  the  oi)tical  path  in  (irder  to 
introdu(.-e  a  larger  degree  of  coupling  between  the  delay  line  controller  and  structural 
flexibility.  Furthermore,  other  layers  oi  c(mtrol  >  passive/tictive  damping,  disturbance 
i.solation.  etc.  1  will  be  introduced  as  necessary  to  counter  the  stability  and  performtmee 
probleni.s  'hat  ;(re  expected  to  degr.'ide  optical  performance. 
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Vlicrogravify  isolation  for  spacecraft  payload 
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Rm  d7  .'!d.");  ranibridgo.  M.\  021.39 

ABSTRACT:  .\  laboratory  prototype  of  a  six  axis  iiiicrogravity  isolation  mount  is  pre¬ 
sented.  to  provide  a  mi(  roi;ravit\  or  micro-CI'.r,  (O.Sl  x  10“‘‘/i;/.s2 )  vinration  payload  envi¬ 
ronment  on  board  a  milli-CFIi  (O-fil  x  10~^rtt/.s^)  sparerrafl.  The  design  can  be  adapted 
for  .N'.\S.\  space  sbiittle  or  .Space  Station  Freedom  ndssioiis.  Tl.e  mount  accomodates  data, 
power,  and  cooling  nmbilicals  of  lindted  stiffness.  .Actuators  are  currently  implemented 
lining  piezoelectric  film. 

1.  MICROGRAVITY  ISOLATION  REQUIREMENTS 

Mission  specialist  liontiie  Dunbar,  oit  ttiission  SI'S  32.  measured  acceleration  levels  above  10 
niCFF  (9. .SI  y  l()"‘’m/.s‘’),  especially  when  the  crew  tiiembi-rs  perform  treadmill  exercise.  Fig¬ 
ure  1  from  [1]  shows  a  typical  vibration  tiim'  fiistory  measured  in  liieorbiter  cabin.  Pre\enlive 
art  ions,  such  as  shut  ting  off  nntiecessary  motors  or  rest  riding  crew  physical  exercise,  can  reduce 
vibration  during  vibration  setisitive  experiments,  but  is  impractical  for  extended  periods. 

Current  .\.\SA/F.S.\  specificatiotis  consider  harmonic  disturbances  oidy.  More  stringent 
reqnirements  on  the  combined  effects  of  broad-band  (iKE- jitter  (crew  motion,  control  thruster 
firings,  sound  etc.)  and  narrowband  (list nrbances  (antennae  mot if)n.  rotating  machinery,  breath¬ 
ing  etc.)  need  to  be  developed  [2].  The  siiigh'  luirmonic  concept  puts  npperbonnds  on  known 
narrowband  disturbances  and  produces  a  curve  of  environmental  disturbances  ns  shown  in  Fig¬ 
ure  2a  [:Jl.  The  desired  curve  is  Figure  2b.  a  combitiation  of  [l]  ami  N.\S.\  specifications  [2] 
from  [3].  The  two  curves  clearly  emphasiz.e  the  need  for  isolation. 

2.  MIT  SIX  AXIS  ISOLATION  MOUNT 

The  vibration  isolation  concept  involves  softly  mounting  an  inner  box  to  the  slnitth'.  so  that 
vibrations  of  an  outer  containi'r  are  not  transmitted  to  the  inner  box.  .\  2  cm  gap  is  provided 
between  the  inner  box  and  the  outer  box.  following  recommendations  by  [3].  .A  mount  travel  of 
1  cm  is  accomndaled  before  the  niontit  “hot toms  out"  on  rubber  bumpers.  This  is  four  times 
greater  than  the  travel  implied  by  the  I ransmis.sibility  sperificalion  of  1  ignre  2.  .\  1  rm  sinusoid 
at  0.01  Hz  produces  1  mirro-(JFF,  of  acceleration. 

The  soft  mounts  are  implemented  using  piezo  electric  ( I’VDF)  film.  The  film,  in  appropriate 
shape  configurations,  behaves  like  a  soft  spring  to  mechanically  isolate  the  inner  box  from  the 
outer  box.  Second,  the  fdm  deforms  when  voltage  is  applied,  and  ran  be  used  as  an  actuator. 
.Active  feedback  cont  rol  is  used  to  increase  damping,  and  to  fnrt her  soften  t he  mount .  f'ombined 
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Figure  1:  Shuttle  middeck  vibration  time  Figure  2:  Single  harmonic  vibration  require- 
history  during  STS  32  flight  ments  by  Jones  ct  nl 


artivr  and  passive  action  limits  the  need  for  active  control;  open  loop  performance  of  the  mount 
is  (piite  good,  even  though  it  falls  short  of  the  specifications  in  Tignre  '2. 

Actuators  were  tnoutited  so  that  three  translations  and  three  rotations  of  t))e  inner  box  can 
be  ecpially  well  controlled.  ('oii()ling  between  the  six  degrees  of  freedom  is  minimized  tosimiilify 
control  application.  F.ach  actuator  Is  paired  with  an  accelerometer.  Docouitling  the  dynamics 
enables  the  entire  system  to  he  identified  on  the  ground  with  partial  tests  only.  This  reduces 
the  r('(piirement  for  on-orbit  identification.  I'he  control  system  can  also  be  validated  on  the 
groiind  before  launch. 

From  a  survey  of  proposed  microgravity  experiments,  flow  of  information,  power,  coolant, 
and  vacuum  must  occur  between  the  payload  and  spacecraft.  Ftility  umbilicals  will  add  stiffness 
to  the  system  which  is  tnidesirable.  so  that  umbilical  stiffness  slioiild  be  minimized  in  order  to 
achieve  as  soft  a  passive  mount  as  possible,  reducing  the  need  for  feedback  control. 

3.  EXPERIMENTAL  APPARATUS 

The  isolation  .system  has  been  sized  so  that  the  isolated  pavload  fits  inside  two  standard  .N.VSA 
Spare  Shuttle  middeck  lockers.  Wyle  Laboratories  [.5],  has  developed  thi'  Fniversal  Small 
Experiment  Container  (I’SEC)  system  shown  in  Figiin'  .3,  whicli  fits  inside  two  spare  shuttle 
mid-deck  lockers  and  satisfies  NAS.A  safety  standards  for  experiments  flown  on  the  shuttle.  The 
f  SFC  is  proposed  since  microgravlty  payloads  such  as  crystal  growth  or  biological  experiments 
require  this  degree  of  containment.  The  isolation  system  is  part  of  the  payload  as  far  as  the 
integration  process  is  viewed  bv  N’A.S.A. 

I  he  piezo-film  actuators  were  modelled  as  a  displacement  source  in  series  with  a  spring. 
The  primary  role  of  the  actuators  is  to  overpower  the  utility  umbilicals  and  soften  the  mount. 
The  payload  box  is  nominally  still,  so  that  little  control  effort  is  used  to  overpower  payload 
inertia.  The  utility  umbilicals  were  lumped  together  ami  given  astiffnes.s  equivalent  for  all  a.xes. 
Thus,  the  force  on  the  actuator  is  the  umbilical  stiffness  times  the  box  relative  motion.  The 
derivation  of  actuator  stiffness  and  free  deflection  is  detailed  in  [6].  The  actuators,  as  configured 
in  Figure  I,  actuate  all  six  axes,  and  each  kinematically  actuates  only  one  degree  of  translation 
and  rotation.  Rear  actuators  were  doubled  up  to  maintain  equal  control  authority  in  the  X 
axis.  The  actuators  were  nominally  flat  to  maximize  payload  volume.  The  total  mount  stiffness 
measured  was  b  .N'/m  per  axi.s.  The  mount  was  designed  to  handle  an  umbilical  with  20  N/m 
stiffness.  The  design  and  fabricr.tion  of  the  actuators  is  detailed  in  [6]. 

fhe  experiment  focused  on  actuator  validation,  so  that  a  mock-up  of  the  locker  and  payload 
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Figure  3:  The  Wyle  Laboratories  USEC 
containment  box  satisfies  NASA's  contain¬ 
ment  specifications  for  the  shuttle  middeck. 


1 


Figure  4:  Actuators  are  configured  such 
that  two  push  at  each  location 


was  faliriraled  with  rrprrsonfativo  dimensions  and  properties.  Onring  proof  of  romept,  easy 
access  to  system  components  was  required.  .As  shown  in  Figure  the  front  panel  was  open  to 
permit  payload  removal.  Kninpers  prevented  damage  to  the  actuators  <lne  to  excessive  payload 
motion.  .Actuator  attachment  locations  were  provided  on  all  four  longerons,  and  at  the  rear 
vertical  bar.  The  actuator  attachment  hardware  allowed  nominal  centering  of  |>ayload.  The 
payload  rested  on  an  air  table  with  minimial  damping,  to  permit  free  movement  in  t  he  hori/ont  al 
plane. 

.Actuator  power  was  supplied  by  three  Kepco  HOP  lOOO.M  high  voltage  ampliners,  for  wliich 
their  maximum  current  onipnt  of  10  milliamps  proved  to  be  barely  snfRcient.  T  hree  shakers 
were  used  to  excite  the  system,  one  for  axial  motion,  and  two  at  the  side  of  the  locker,  to  allow 
2  translations,  and  rotation  around  the  vertical  axis.  The  shaker  heads  were  connected  to  the 
core  of  an  I.VDT  linear  position  sensor,  so  that  transmissibility  from  locker  motion  to  (layload 
acceleration  could  be  measured  directly. 

Snndstrand  Q.A-MOO  accelerometers  were  nionnled  on  an  adjustable  platform  that  cnnhl 
be  tilted  to  remove  the  accelerometer's  DC  bias  by  cancelling  it  with  a  comjionent  of  gravity. 
Looped  computer  ribbon  cable  was  used  for  the  sen.;or  nmbdical.  T  he  modes  of  the  expi'nnient 
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with  tho  ribhon  rablo  in  place  were  compared  to  the  dynamics  of  the  payload  with  accelerome¬ 
ter  coiinections  of  very  thiti  magnet  wire,  f'tility  iimbilirals  consisting  of  accelerometer  cabling 
and  a  siinnhited  coolant  hose.  siiin<  ient  for  I  K\V  of  cooling  with  less  than  -aO  degrees  Celsitis 
tempertit lire  increase,  were  implemented.  The  system  !1)  places  constraints  on  the  umbilical 
locations,  since  some  roii[)ling  terms  in  the  stiffness  matrix  cannot  be  identified  [0].  The  um- 
bilicals  were  attached  symtnet  rically  about  the  payload  center  of  mass,  as  shown  in  Figure  0 
to  inininiize  nnidentified  coupling.  Fach  coolatit  ho.se  was  looped,  so  that  the  hose  was  never 
St  ret  (  l;i‘(|.  The  stilfness  was  fontui  to  be  .'^.2  N/m  itl  the  .V  ilireclion.  atid  negligible  in  the  V 
axis. 


1.  SYSTEM  IDENTIFICATION 

livf.  [til  details  an  analyticjil  model  of  t  he  system  bttsed  oti  system  geomet  ry.  its  mass  and  inertia 
charact ('list ics.  t  lit'  nttibilical  atid  actuator  stilftit'sses.  This  moth'l  is  valid  at  low  fre(|iienry 
(below  about  10  llz)  where  t  h('  control  system  exercises  most  of  its  antliority. 

Me;  Imnical  properties,  such  as  mass,  inertia,  or  stiffness,  ran  be  measured,  or  computed  from 
detailed  engineering  drawings.  However,  system  itientificalion  of  the  physical  systetn  should 
prove  conxenient  infortiuit ion  suitable  control  tlesigti.  The  six  axis  mount  could  be  identified 
oti-orbii.  Koxvever.  system  II)  would  be  lime  consumin,g  due  to  low  natural  fretpieiu'ies  of  the 
mount,  with  rom()utatiomd  retpiiremenls  far  exceeding  those  for  closed  loop  control.  Thus,  we 
(iropose  six  axis  ground-based  system  ID.  using  three  sets  of  three  axis  system  identification 
tests.  .\  single  three  axis  test  consists  of  resiin.g  one  side  of  the  inner  box  on  an  air  table 
xvliile  suspending  the  outer  box  appropriately.  This  setup  allows  two  translations  and  one 
rotation,  and  (termits  the  identification  of  a  projection  of  the  unrestricted  six  degree  of  freedom 
motion.  I’he  accuracy  and  the  validity  of  this  strategy  depends  strongly  on  tho  decoupling  of 
the  dyntimics.  After  the  three  .'{-axis  tests  are  performed,  the  iiientified  stiffness  matrix.  A’,  is 
known  except  for  those  entries  designed  to  be  small,  that  is.  identificalion  cannot  determine: 
helicoidal  sjtring  constants  where  a  translation  produces  a  torque  in  the  same  axis  or  torsional 
spring  constants  not  aligned  with  one  of  the  geometrical  axes.  Such  springs  have  however  been 
eliminated  liv  design.  Details  of  the  .l-axis  svsteni  identification  is  deferred  to  .Appendix  1  of 

Single  in[)ul  multi-output  system  If)  of  the  three  axis  tesibeil  was  jterformed  using  a  Tek¬ 
tronix  JbdO  I'ourier  analyzer,  which  computed  transfer  functions,  and  coherence  functions.  .An 
ensemble  average  of  I  .A  runs  lakes  .'{9  min  FA  sec.  .A  weighted  least  mean  square  algorithm  was 
used  to  determine  a  state  spare  model  [0].  Fhe  lest  was  performed  on  the  system  equipped  with 
two  rubber  hoses  attached  on  the  V  sides  of  the  inner  box  to  simulate  the  cooling  apparatus. 
Excellent  agreement  is  obtained  for  bolb  magniltnle  and  the  phase,  fhe  rt'sonant  fretpienries 
are  at  D.I'dl  llz  and  ll.fsi  llz  for  the  >'  and  .V  translational  modes  (the  umbilical  separates 
the  freipiencies)  and  at  O.'dTA  Hz  for  the  rotational  Z  mode.  Comparin.g  with  a  second  test 
performed  without  umbilical,  the  umbilical  stiffness  is  estimated  at  S.2  N/m.  which  is  within 
design  specifications. 

.Modal  dam|iiiig  was  identified  to  be  between  I'l  and  (i'T.  .Also,  the  damping  matrix.  (’.  was 
not  aligneil  with  the  stilfness  matrix,  so  that  modal  decoupling  was  not  completely  effective. 
In  Fignr*'  7.  the  transfer  runciion  (magnitude  only)  of  the  deroui>led  plant  is  plotted.  The 
off-diagonal  elements  of  the  transfer  function  matrix  are  siibstanlially  smaller  than  those  on 
the  m,tin  diagonal.  Iiiil  are  not  negligible. 
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Figure  7:  Decoupled  identified  transfer  functions  of  the  3  axis  test  with  umbilical:  magnitude 
5.  CONTROL  OBJECTIVES 

The  control  ob,iorti%-os  sot  by  the  N ASA/ESA  Riiidolines.  [.3],  require  t  he  close,!  loop  poles  of  the 
isolated  payload  to  be  at  O.Oo  H/.  (curve  a)  or  0.01  Hz  (curve  b).  witli  a  danipine  ratio  above 
O.iOi.  1  he  control  strategy  i.s  to  combine  sensor  and  actuator  signals  to  niodallv  decouple 
the  .systetn,  and  close  a  single  input  single  output  (SISO)  control  loop  arouml  each  of  the 
6  decoupled  modes.  The  advantage  of  the  decoupling  strategy  over  purely  localized  control 
between  collocated  sensors  and  actuators  is  that  spread  in  modal  frerpir  nrie  s  ran  h,  <<p,ali:fd 
due  to  the  spread  in  the  stiffness  matrix.  With  such  a  well  conditioned  plant,  however,  six- 
localized  feedback  loops  are  still  possible,  one  for  each  (local)  sensor/act iiator  pair.  In  order  to 
drive  the  fastest  mode  to  the  required  frequency,  the  localized  scheme  will  c'quire  higher  gains. 

lo  reduce  the  natural  frequency  of  the  system,  modal  mass  must  be  increased,  or  modal 
stiffness  must  be  decreased.  To  improve  modal  damping  and  phase  margins,  velociiy  feed, 
back  was  implemented.  Acceleration  feedback  was  selected  for  this  application,  over  position 
feedback,  b.'cau.se  accelerometers  were  much  less  expensive  than  gap  sensors  of  comparable 
sensitivity.  Cap  sensors  ran  be  easily  accomodated  in  the  current  controller  framework,  and 
may  be  implemented  in  future  work. 

1  he  design  target  will  be  to  set  t  he  closed  loop  modal  frequencies  v^vt  =  0.01  llz  ( r,'(|uirement 
a)  or  ^-,1  =  0.05  Hz  (requirement  b).  with  damping  Ct  =  I  to  eliminate  overshoot,  Ib.wever. 
phase  losses  from  digital  controller  implementation  ami  anti-aliasing  filters  will  decrease  dosed 
loop  damping. 

I  lie  high-pass  filter  is  a  two-po|e  filter  with  corner  frequency  at  0.02  Hz.  The  corner  fre¬ 
quency  of  the  high  [lass  filter  was  selected  to  prevent  saturation  of  tin'  ai  tiiators  dii,'  to  biases 
and  bias  drifts  present  in  accelerometers  and  associated  conditioning  amplifiers.  The  fdteiv  en¬ 
sure  that  modal  mass  is  arlde,]  only  in  the  frequency  range  of  interest,  flie  high  pass  filler  adds 
phase  lead  and  may  reduce  the  amount  of  damping  provided  by  the  feedback  loop,  espc  iallv  if 
the  filter  frequency  is  too  high.  The  low-pa.ss  filter  is  a  one-pole  filter  at  0.,'!  Hz  followed  bv  a 
two-pole  filter  at  10  Hz.  The  double  pole  filter  at  10  Hz  reduces  high  frequency  accelerometer 
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OPEN  UOOf  VERSUS  CLOSED  LOC^  ‘mANSMISSTBIUTY 


Figure  8;  Loop  transfer  function  of  Z  rota-  Figure  9:  Open  versus  closed  loop  trans- 
tio'  mode,  0.2726  Hz.  with  filters  missibility  of  Z  rotation  mode 

i.'i;'-*  .  ''i'rv*'-.  ;i';  iiii!  i  filtors.  lii  nr<|ri  to  luaiiiiaiti  stability,  a  otic  poh'  roll  off  is 

'  *1  .ti  nvrf  wifli  riioii*i;li  plu  so  l<*a<l  to  |)r<'v<‘nt  iiisial)ililios.  Tlio  roruor  fmiinoncy  of 

't  'i  !!,'  \'.a'.  si'h'fiPfl  for  ifiat  piir(>f>sr, 

I  ii li  -  Ts  ha v('  a  ^ iiiuifica ui  ofb'rt  on  t ho  (iosf'd  loop  dvnamirs  sinro  t  hoir  rorn<'r  fr^^quonrios 

■  '  I'-'  to  Hk’  natural  fr/'qin'.U'ips  of  t  hr  systnnt.  bo  it  closed  or  open  loop.  The  hijih-pass 

‘I’.o  I  o'rjtirpv  f)|«'  phas<‘  laii,  ini  roduced  by  tin’  int<‘‘z;rator  and  will  therefore  reduce  the  amount 

<  !  ;  ■  •  •'  damjdtiL;  iti  the  ^yste^l.  However,  the  O.d  Hz  low-pass  filter  adds  some  pliase  lag  aitd 

'on  sr.niewSiai  ior  the  h'ad.  Th<’  choi<'e  of  the  nq  and  e,  must  therefore  he  iterated 

.1  »af i'dactors  rrmi()rotiii>e  is  reached.  The  closetl  loop  frerjnencies  ami  daiii|)ing  will  be 
\  ‘MO  di!!er<Mit  from  the  prejliri  i(m  based  only  <»n  f  In*  .ser()n<l  oscillator  mode)  for  !  he  modes.  The 

■  M-i  •'!  h  r  1  he  r!o^<'fl  Inoji  iv  to  vof  the  pjodes  at  0.0  1  Hz  with  as  nincli  <lamping  as  th<'  wash-out 

^  ’  .1  e  M'*'  af  (  l(M  ai  ion  feedback  gain.  and  t  lie  velocit  y  feedback  gain  c^  j.  chosen 

,11  -h-  .  ^iierimeiit  aie;  V  '1  ra ii'^la t ion  Mo<ie.  0.1>^07  Hz.  i"j-  =  -1.  Cj.  =  1;  )  Translaiion  Mode. 

I  J  i'i  11'.  M/,_  -  J.  i\.  "  J:  /  IHttation  Moth'.  0.'i72(i  Hz.  in^  =  10.  c.  =i  10.  The  nominal 
'  hi-'d  l(n,p  p/.].'.  .tie;  )  I '  an^latidii.  fl.OlU  Hz,  do'/f  damping:  .V  translation.  0.012  Hz.  41 /f 
d.itMpMn;  /  re!  at  ion.  O.f' 10  H/,  lO'/i  damping. 

i  i‘>t,p  iraii'ief  fnfi<M(nr[.  the  [)redfcte<|  closed  loop  vorsus  open  loop  t ransinissibilit v  and 

! !  e  (  '  It  nni---  t  <  I  afrf'l'Ma  1  irui  >j>f'ci  rum  is  plotted  for  t  he  st  ilfer  /,  rot  at  ion  mode  in  I'ignres  >s-9. 

I  he-.  I.'  'lit-  are  rt’pr«'--»'ii(  a!  ive  of  ail  t  )ire<*  modes. 

0  (  I  fjSTD  l  oop  3  AMS  GROUND  EXPERIMENT 

<  ‘‘  MO.;  i)!  wa'-  lUijth  nieiitf'd  part  .mah'g  and  j)ait  digital.  .Analog  i()W-})ass  filter.s  >»M'ved 

U  <'  '  111  i  ii<  [Mi  f  fKt^e  ,  d  a t  ?'•')  i.‘;o  mg  I  hf’  sensor  nf)ise  and  anti-aliasing.  The  coni  rol  c<unpnt «']  was 
MM  IltM  '.lofiel  I’s  2'^*^' !.  1  lie  aecj’h'rotneter  signals  weyr' sarnphnl  witli  an  .Anah'g  Devices 
l>  I  1  ^  A  I  ^  cou  V  erf .  y,  )  )(/'  ron I  n>)  a)gor)t  lirn  was  iinphunenled  in  M icrosoH  (Juick  ( ’  and  ran 

ii/.  I  h*  hliih  [ta-s  was  realized  digilallv  <lue  toils  very  low  time  ronstaiii.  I'he 

'i  iM' '  1 1  '  I  M' !  !  t  -I  '-igna.t  \\  a  '■  pa, 'St’(l  t  o  t  lie  A  isalog  Devices  K  1  1-S02  1)  /  ,\  out  piii .  The  D/  output 
’ll  ' !  a !!!  p;  if|('r  d  r<  t  \  *’  tie’  pi«vo  elect  ric  act  ua  tors. 

I  1  - ' ,  Me  ti  Ml  I  pa  re  the  ope[t  a  ud  chi'-rul  loo[)  t  ransi<’rit  rr'spf>iises.  h  ignre  )  0  sIkjws  the  t  hree 
'Mw  'i  '.H,p  ,,r/ e[/>r- -ei'M/’,'  ![|rie  tjati’s  rerorde<}  vj m id t a iMMipsl V  for  10  seconds  tleveloje'd  after 
a  Miipel-  \e  di^!  Mrltaiu  ('  ua-  applieti  (the  e\j>eriinenter  l)h*\v  on  the  inner  hoxb  The  thfee 
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<3PEN  LOOP  TRANSTEVT  ACCELEROMETSl  #! 


(XOSED  tOO»  TKAWStEKT  ACfFt  FRQMETEK  9 1 


'inc  fSEQ 

>PFN  LOOP  TTL\.NSiEST  ACCELEROSfETES  01 


•JSK  {SEC 

a,OSEP  LOOP  TRANSIENT  ACCE’  PROMFTER  01 
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_  '•'PEN  LOOP  mANSfENT  *rrPi  FRQMETEB  0i 


'TjOsed  Loor  -ntANST^T  act:elero»^etfk  *? 


Figure  JO:  Open  hop  acceleration  transient  Figure  IJ:  Closed  loop  acceleration  tran¬ 
sient 


modes  of  the  system  are  excired  and  damping  levels  are  small.  '  igiire  11  shows  the  three 
accelerometer  time  traces  rocordered  simiiltaneously  for  10  .seconds  with  active  control.  I'ht' 
impulsive  disttirbance  was  ajiitlied  to  a  corner  of  the  inner  box  designed  to  to  excite  ;ill  tiiree 
modes.  The  time  period  of  tlie  oscillation  is  clos<>  to  2.')  seconds,  or  0.0  1  II/.  I'he  tiiotioti  is  also 
more  strongly  damped. 

Kxperimental  transmissibility  curves  w(>re  al.'.o  olriained.  .\  singli'  shaker  was  used  to  excite 
all  three  modes,  Z  rotation.  .V  and  T  translations.  Sliaker  motion  wtis  ttieasiired  l>v  a  l.\  it  1'  dis¬ 
placement  sensor.  The  transmissiliility.  or  tlie  tratisfer  function  lietween  accelerometer  oiit|>ut 
and  l,\T)'r  oiilpnt.  was  obtained  using  the  Text ronix  ronrier  analy/er.  I  rtinsfer  function  units 
are  Accelerometer  Volt  /  I.A’DT  Volt.  The  IX’gaiti  is  tiot  e<pial  to  1  ,is  predicted  by  tiie  ari.dyt 
ical  tnodel.  Figure  12  compares  the  open  and  closed  loop  t ratismissibility  for  ticc-derometer  #:i. 
Note  that  the  open  loop  tiatural  frequencies  have  shifted  dii.'  to  tin'  uiiibilical  stictcliing  over 
time,  thereby  increasing  stifftiess.  Damping  has  greatly  increa.sed.  atid  the  closed  loop  natural 
freqiieu:  V  has  derrease<l,  I'he  mavimutn  attenuation  seen  in  the  transmissibility  is  observed  at 
n..i  11/  on  Figure  12  where  thi'  attenuation  is  greater  than  .'tli  <IB.  or  reduci'd  by  a  fticlor  of  TO. 

7.  SUMMARY 

rite  six  axis  microgravily  isolation  mount  prototype  developed  at  Mi  l'  is  a  practical  solution 
to  isol.iting  vibration  sensitive  payloads  on  board  milliUFF  spacecraft  such  ;ts  tl.e  .N’.A.S'.V  s|>ace 
shuttle  or  space  station.  The  isolation  system  can  be  visiializeil  as  two  boxes.  I’lie  inner  box. 
conttiining  the  paylotid.  is  tnotinted  to  an  outer  box  the  voltimt'  of  two  .\.\S.\  Span-  Shuttle 
middi'ck  lockers.  The  ititier  box  is  attached  to  the  outer  box  via  several  soft  springs  tiiade  of 
pie/o- elect  ric  film,  atid  soft  til  ill ty  umbilicals.  ’Fhe  passive  mechanical  isolation  is  t  heti  enhaticed 
actively  using  the  piezn-fllm  actuators.  The  payload  has  provision  for  cooling,  daltilink  atid 
power  through  umbilicals  of  limited  stiffness. 
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frequency  (HZ) 


Figure  12:  Comparison  of  experimental  closed  loop  and  open  loop  transmissibility  between  shaker 
no,  2  and  accelerometer  no.  3 


mount  is  designed  to  minimize  intoraxis  coupling.  Tlius.  ground-t)a.sed  system  identi¬ 
fication  via  three  axis  le.sts  is  sufRciont  to  identify  the  six  axis  system,  and  provides  enotigh 
information  for  control  system  design.  The  inertia  ;ind  stiffness  matrix  are  nominally  diagonal 
ami  the  location  of  th('  .sensors  and  actuators  makes  modal  control  the  natural  ai>proach.  .-\ctivo 
damping  and  mass  are  added  to  eacli  mode  via  vt'locity  and  acceleration  feeedback.  respectively, 
such  that  the  coniftensator  is  essentially  a  lag  comitensator.  The  control  philosophy  has  been 
\alid,'ited  fiy  the  test  performed  on  the  .3  axis  identification  testbed. 
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The  dial-a-striit  controller  for  structural  dampino 
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.ABSTR.\CT:  This  pap('r  i)resents  ex])eriin<'ntal  and  eoni])Uter  sinmlation  results 
on  the  tiiiplietition  of  a  Inidge  feedbtick  Di;\l-a-Strut  eontroller  ;ipplie<l  lo  a  pie/o- 
eh’ctric  :ietiv('  ineinher  of  a  truss  structure.  It  explains  why  the  coiuroi  law  is 
insensitive  to  the  setting  of  control  ])i\raineters  an<l  to  phuit  ptuauneter  vtiriations. 
ivnd  why  SISO  ;md  MIMO  systems  lu.iilt  with  thes<>  controllers  tire  stable  and 
robust. 

1.  INTRODUCTION 

Pie/oelectric  active  members  with  bridge  h'edback  Ditd-a  Strut  controllers  have 
been  successfully  enutloyecl  for  structural  dtimping  enhanc<>in<’nf  of  a  vtiriefy  of  fievilde 
structures  (Chen  and  Lurie  10S9.1990.  Lawrence  1990.  Ftuison  1990).  The  lanitrollers 
were  ttmed  in  three  simph’  stejis: 

1.  The  strticture  driving  point  impedance  facing  the  active  strut  was  <ieferiiiined. 
It  c;m  be  done  by  cidculation  or  experimentally  using  the  sensors  in  the  activi- 
ineniiier. 

2.  The  flesired  tictivt'  member  inijx’fltince  was  c;dculate<l.  by  smoothing  the  structiue 
driving  point  impedtince.  This  desired  imt)edane<-  is  then  ii])proxiiuate<l  by  ;i 
luuction  of  the  form  /t.s(.s  j-  (/(s  1-  P’)- 

3.  The  desired  active  member  iiupevlaiice  was  ini|.>'eniented  l>y  feeding  l.ack  to  the 
pie/oelement  the  signtds  from  the  colloi'ated  force  and  velocity  sen-airs  in  the 
proper  rtitio.  This  r.'itio  is  adjusted  vi;i  dials  on  the  controller's  front  panel  tliat 
determine  th<'  values  of  two  capacitors  and  a  resistor. 

Our  expenenc<-  is  tlnit  with  the  above  procedure,  the  control  h\w  lairanieter  '-et 
tings  ;ue  not  critic;il.  .and  controller  .adjustment  :ind  test  take  no  longer  th;m  ti  coujile 
of  hours  (most  frejpu'iitly  less  th.au  a  h.ilf  an  hour).  In  f.ai't.  the  design  and  test  pro 
laalures  turned  out  to  be  so  simjtle  fli;it  in  most  ca.sos  we  left  out  a  p;ut  of  the  coTitioI 
lav,  design  which,  i-  ronimor.ly  enusi.lcreil  uidispens.-ilile:  coinpe.ter  -iuiulation.  In  ilv 
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followina;  report,  we  make  up  for  the  previous  omissions  by  comparing  the  experimen- 
ral  results  witti  the  performance  of  Pro-Matlab  models,  and  discuss  the  robustness 
issues. 


ROBUSTNESS  OF  LMPEDANCE  M.4TCHING  METHOD  FOR  VIBRATION 
ENERGY  DISSIP.ATION 


The  iuii)edaiice  matching  method  of  introducing  structural  damping  is  aimed  at 
inaximizing  the  vibration  energy  dissipated  in  the  active  member.  The  effect  of  match¬ 
ing  can  be  seen  in  an  analog  electrical  circuit  Figure  1.  Given  the  source  impedance 
Z,  —  RS  -t-  jXS  (the  impedance  of  the  structure  facing  the  active  member),  the 
])(uver  dissipat('<l  in  the  load  (in  the  active  member)  is  maximized  when  the  loarl 
impedance  Z/.  =  RL  -f  jXL  is  the  complex  conjugate  of  the  source  impi'dance.  Thi.s 
power  P;  —  E~ /ARS  where  E  stands  for  the  for  the  electromotive  force  (which  is  the 
I'Huivali'nt  of  the  free  velocity  difference  of  the  structure  at  the  port  if  the  mechanical 
iiupedanct'  is  ch'fined  as  vi'locity/force). 


Figure  1.  General  electrical  circuit. 


Figure  2.  Power  dissi])ated  in  fh('  load. 


\V1  len  the  load  impedance  deviates  from  the  optimum,  the  pc'rformanre  deteri¬ 
orates  gracefully.  In  particular,  when  XS  +  XL  <C  RS  -f  RL.  the  power  dissipated 
li:  the  load  depends  on  RL  as  shown  in  Figure  2.  For  example,  it  retjuires  -t  92'/( 
oi  ■1.''%  (;i  factor  of  1.92)  in  load  resistance  deviation  from  the  optimal  to  reduce  the 
dissipated  power  l>y  10%.  On  the  other  hand,  when  RS  —  RL.  presence  of  the  reactive 
component  of  the  contour  impedance  up  to  RL  retluces  the  energy  dissipation  by  less 
than  20' {,  which  is  often  quite  acceptable  for  vibration  reduction.  Thus  the  accuraev 
to  calculate  atrd  implement  ZL  need  not  be  better  than  30%.  This  allows  for  control 
design  without  precise  knowledge  of  the  structure  and  results  in  insensitivity  of  the 
perfornitince  to  plant  parameter  variations  and  control  law  parameter  settings. 

When  the  active  member  imitates  a  passive  system  (i.e.  ZL  is  positive'  real),  the 
reipnrement  for  the  imaginary  component  of  the  contour  impedance  not  to  exceed  the 
ic.il  component  of  tlu'  active  metnlier  impedance  cannot  be  satisfied  over  an  arbitrarily 
wide  fretiuf'ncy  band.  The  bigger  |A'5|.  the  smalh’r  is  the  bandwidth  over  which  it  can 
l)e  adequately  conqx'nsafed  by  |A’£|.  This  bandwidth  ran  be  calculateil  with  Bode 
>utc<';i;ds  1  Bode  104.J.  Lurie  1980). 

.Mfho'urh  flic  described  analogy  may  not  seem  applicable  to  lightly  danqx'd  strnc- 
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tures  whose  driving  point  impedances  are  nearly  imaginary,  the  analogy  is  still  valid 
when  we  use  the  notion  of  the  structure’s  wave  impedance,  which  can  be  vdewed  as 
the  source  impedance  (Lurie  1990).  When  this  impedance  is  matched  by  the  load 
impedance,  the  structure  is  completely  damped.  Nonuniform  structures  can  be  ap¬ 
proximated  by  uniform  structures  over  finite  frequency  bands  (Lurie  1990). 

3.  IMPLEMENTATION  OF  THE  DESIRED  ACTIVE  MEMBER’S  IMPEDANCE 


Blackman’s  fiirmula  expresses  the  input  impedance  of  a  feedback  system  as 


Z 


,  r(0)-t-l 
T(oo) -I-  1  ’ 


(1) 


given  as  a  function  of  the  system  impedance  without  the  feedback  Zo.  the  return 
ratio  (loop  transfer  function)  r(0)  in  the  case  of  the  active  member  clamped  (force 
feedback),  and  the  return  ratio  T(oo)  measured  when  the  active  member  is  free  to 
expand  (velocity  feedback).  When  the  both  the  force  and  velocity  feedback  are  large 
(the  case  of  large  bridge  feedback),  the  I’s  in  (1)  can  be  neglected  so  that 


ZSZfl 


r(0) 

r(oo)' 


(2) 


At  lower  frequencies  where  the  feedback  is  large,  the  active  member’s  impedance  imi¬ 
tates  that  of  a  passive  mechanical  system  and,  therefore,  a  structure  incorporating  any 
number  of  the  controllers  remains  passive  and  poses  no  instability  danger.  At  higher 
frequencies,  however,  where  the  feedback  reduces,  the  the  angle  of  (1)  might  exceed 
±90  deg  which  will  indicate  that  this  function  is  not  positive  real  and.  therefore,  there 
exists  a  passive  load  (and.  particularly,  a  conservative  load)  which  will  cause  oscillation 
(Lurie  1902). 

4.  STABILITY  ISSUES 


Figure  3  shows  a  feedback  system  with  collocated  force  and  velocity  loops.  In 
experiments,  the  velocity  signal  was  obtained  from  an  eddy  current  sensor  whos(' 
displacement  rending  was  processed  in  an  analog  link  of  the  form  A’.'/(.s  ±  p)  to  ap¬ 
proximate  the  velocity  over  a  bandwidth  of  up  to  500i7r. 


Ficure  3  Dial-a-Strut  system  block  diagram 
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Without  the  feedback,  the  active  member  impedance  (as  the  ratio  of  velocity  over 
force)  is  Z  =  s/ta  where  ka  is  the  stiffness  coefficient  of  the  piezoelement,  so  that  the 
impedance  phase  angle  is  90  deg. 


With  the  chosen  compensator  tran.sfer  function  (Chen  et  al  1990) 


C  =  AV 


1  +  CcjRc]'^ 


-I 


(where  Kc  is  an  appropriate  constant  gain),  setting  the  gain  coefficients  in  the  force  and 
velocity  loops  (based  upon  the  experiments  described  below),  the  transfer  functions 
for  the  force  and  velocity  loops  are 


r(0)  =  A-aO„ft„,(.0C(.s). 


r(OC)  =  -Orf/l,((s)C'(.s)C'2(.s). 

which  are  plotted  in  Fig-  re  4.  The  phase  difference  arg( T(0)  4- 1 )  — arg( Ft  rc  )  + 1 ).  and 
the  impedance  phase  angles  arg(Z)  and  arg(Zo)  are  plotted  in  Figure  5.  Note  that 
]arg(  Z)|  <  90  deg  over  *  .i  -  entire  frequency  range.  Since  tlu’  impedance  is  i)o,sitiv('  real, 
the  system  is  stable  witt,  any  other  additional  positive  real  elements  added.  Therefore 
including  such  active  nu  mbers  into  the  striicture  will  not  cre-ate  a  <lang('r  of  oscillation, 
and  will  only  help  inqile  nentation  of  any  glof)al  structural  control  (for  example  optical 
pathlength  control  for  a-i  interferometer).  If  however,  the  gain  in  the  Dial-a-Strnt  loops 
is  set  too  high,  these  c'  nditions  will  not  be  preserved,  and  stability  not  guaranteed, 
Based  on  the  simulatio'  .  the  gain  increase  necessary  is  a  factor  of  779. 


Figure  !.  The  return  ratio  T. 


Figure  o.  Tlie  imi>edance  ])hase  arigh’. 


•7.  THE  EXPERI.MEXT.JlL  SET-UP 

Two  piezrx'lectrie  activi-  members  replacerl  two  a<!jacent  longeio!i  eli-ments  in 
the  base  of  tlw  .IPL  Phase  B  structure  (O'Neal  et  al  1991).  The  sensor  measuring 
performance  wa.s  an  acreleromefer  in  the  direction  of  motion  of  the  delay  line  (motion 
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in  this  direction  will  cause  changes  in  optical  pathlength).  The  first  three  resonances 
of  the  structure  were  the  targeted  modes  for  this  experiment.  The  performance  metric 
for  the  experiment  is  the  transfer  function  from  a  force  input  due  to  a  shaker  (about 
halfway  up  the  structure)  to  the  accelerometer. 

G.  COMPUTER  SI.MUL.-VTION 

Tlu'  above  system  was  modeled  in  Pro-Matlab,  with  analytical  models  of  the 
Dial-a-Strut  controller,  amplififer.  and  piezoelectric  transdiicer.  In  addition,  experi- 
mentidly  determined  open  loop  transfer  functions  were  used  to  predict  the  closed  loop 
performance.  Shown  in  Figure  G  is  the  transfer  function  from  shaker  to  accelerometer 
for  the  open  loop  case,  and  the  case  with  two  Dial-a-Strut.  Both  the  itredictecl  and 
the  measured  closed  loop  response  are  shown.  .411  experimental  data  in  the  later  plot 
hav<'  })een  smoothed. 

7.  EXPERIMENT.4L  RESULTS 

Examining  Figure  G.  it  is  seen  that  the  experimental  results  show  a  reduction  in 
the  anijditiide  of  th('  first  and  third  modes  of  0.5  and  O.Cl  respectively,  and  elimination 
of  the  second  mode  completely.  The  computer  sinndation  matches  the  third  mode 
r<'sults,  bvit  misses  the  elimination  of  the  second  mode  and  tlu*  broadening  of  the  first. 
Th.'  discrepancy  between  the  exi)erim<'nt  and  the  computer  simulations  are  less  than 
5db  except  at  low  frecpiency  (less  than  5  Hz).  In  this  region  the  experimental  data  itself 
is  ordy  good  to  10  db.  The  exact  soiirce  of  the  discrejtancy  has  not  been  determined 
yet.  but  may  lie  due  to  changes  in  the  tx'havior  of  the  amplifier  un<ler  load. 


Figure  G.  Experimental  and  pri'dicted  closed  loop  performance,  twf)  Dial-a-Strut 
S.  CONCLUSIONS 


The  re'-ult-;  of  tlu'  exj'erirneip are  in  good  agreement  with  coinjiuter  siinul.ition. 


744 


Active  Materials  and  Adaptive  Structures 


Therefore,  in  tlie  future  work,  it  is  sufficient  to  obtain  the  data  either  way,  depending 
on  wliich  is  more  convenient  for  particular  plants. 

The  bridge  feedback  controller  proved  to  be  simple,  robust,  and  efficient.  A  MIMO 
control  system  including  several  properly  designed  Dial-a-Strut  controllers  remains 
stable  due  to  the  positive  real  nature  of  the  Dial-a-Strut  impedance.  The  resulting 
Dial-n-Strut  .system  can  be  u.sed  to  complement  a  global  controller  (Neat  et  al). 
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Concept  verification  of  an  electro-rheological  torsional  steering  system  damper 


James  R.  Salois 

General  Motors  Corporation  Saginaw  Division 

ABSTRACT:  This  report  investigates  the  use  of  an 

electro-rheological  torsional  damper  in  the  steering  system 
of  an  automobile.  This  damper  would  be  attached  to  the  lower 
steering  shaft  of  the  steering  column  and  optimize  the 
turning  efforts  perceived  by  the  driver  at  all  speeds. 

1.  INTRODUCTION 

The  steering  system  in  an  automobile  provides  directional  control  for 
the  vehicle.  It  accomplishes  this  task  by: 

1)  Providing  a  kinematic  relationship  between  the  steering  wheel 
(hand  wheel)  and  vehicular  direction. 

2)  Controlled  compliance  between  the  components  in  the  system. 

3)  Energy  absorption  from  road  inputs. 

4)  In  the  case  of  a  power  steering  system,  a  boost  mechanism. 
In  addition  to  the  items  above  the  steering  system  also  provides  a  force 
feedback  mechanism  to  the  driver. 

The  major  components  in  this  system  are  shown  in  Figure  1  and  interact 
in  the  following  manner.  The  steering  wheel  provides  an  initial  input 
to  the  system  to  alter  the  vehicular  direction.  This  input  is 

transmitted  through  the  steering  columns  steering  shaft  through  a 

linkage  referred  to  as  an  intermediate  shaft  into  the  steering  gear.  The 

main  function  of  the  steering  gear  is  to  convert  the  rotary  motion  of 
the  steering  shaft  into  the  lateral  motion  required  to  turn  the 

vehicles'  wheels.  This  lateral  motion  is  transmitted  through  the  tie 
rods  which  are  attached  to  the  steering  arms.  The  steering  arms  provide 
a  lever  arm  pivot  perpendicular  to  the  wheel.  Thus  they  receive  the 
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lateral  motion  from  the  steering  gear  and  convert  it  back  to  a 
rotational  motion  that  ultimately  turns  the  wheels. 

In  a  typical  turning  maneuver,  the  rotational  input  from  the  driver  is 
converted  to  the  lateral  motion  required  to  turn  the  wheels.  Upon 
completion  of  the  turn,  the  aligning  forces  between  the  tires  and  the 
road  tend  to  realign  the  vehicle  to  a  straight  ahead  position. 

However,  as  the  realigning  forces 
work  their  way  back  through  the 
steering  system  they  get  an 
additional  boost  from  the  rotational 
inertia  generated  from  the  steering 
wheel  returning  toward  center.  This 
tends  to  produce  a  very  small 
oscillation  from  the  straight-ahead 
position.  This  small  oscillation, 
although  not  performance  related, 
may  affect  driver  pleasabil ity . 

To  minimize  the  effect  of  the  rotational  inertia  of  the  steering  wheel, 
the  efficiency  of  the  steering  gear  is  slightly  reduced.  This  corrects 
the  small  oscillations  felt  by  the  driver  during  higher  speed  maneuvers 
but,  by  reducing  the  overall  efficiency  of  the  steering  system, 
adversely  affects  turning  efforts  at  slower  speeds. 

During  a  slow  speed  maneuver,  the  driver  must  exert  more  effort  to 
compensate  for  the  reduced  steering  system  efficiency.  Herein  lies  the 
difficulty  of  tuning  the  steering  system  for  low  effort  turning  at  low 
speeds  yet  minimizing  oscillations  from  higher  speed  maneuvers. 

Current  technological  devices  such  as  viscous  dampers  and  coulomb 
dampers  do  not  produce  the  desired  effect  on  the  steering  system. 
Viscous  dampers,  which  depend  largely  on  velocity,  are  ineffective  at 
controlling  the  small,  low  velocity  oscillations  produced  at  the 
completion  of  a  higher  speed  turn.  They  also  negatively  affect  parking 
maneuvers  when  the  steering  wheel  is  typically  turned  at  a  higher  rate 
of  speed. 
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Coulomb  dampers,  which  produce  the  desired  effects  on  the  higher  speed 
turns,  adversely  affect  parking  maneuvers  as  they  provide  a  near 
constant  torque  on  the  steering  shaft  requiring  the  driver  to  overcome 
this  additional  effort. 

The  device  concepted  here  provides  the  variable  damping  required  to 
optimize  turning  efforts  at  all  speeds. 

2.  EXPERIMENTAL  APPARATUS 

The  experimental  hardware  used  to  obtain  the  experimental  results  is 
shown  in  the  accompanying  schematic  diagram.  Figure  2.  The  components 
were  designed  to  duplicate  typical  steering  system  values  except  for  the 
added  damping  due  to  the  friction  in  the  bearings,  damper  seals,  and  the 
electrical  slip  ring  contact. 

The  damper  consists  of  a  two  piece  aluminum  outer  housing  (stator) 
rigidly  attached  to  the  electrically  isolated  support  structure  and  an 
aluminum  rotating  disk  (rotor)  attached  to  the  drive  shaft.  Each  half 
of  the  housing  contains  a  seal  that  insulates  the  drive  shaft  from  the 
housing  and  also  prevents  the  fluid  from  leaking  out  of  the  damper.  The 
rotating  disk  is  rigidly  attached  to  the  drive  shaft  and  centered 
between  the  two  halves  of  the  housing  with  the  clearance  fixed  at  1.5 
mi  1 1 imeters . 


The  damping  results  from  the 
shearing  of  the  electro-rheological 
fluid  between  the  rotating  disk  and 
the  stationary  housing.  The  fluid 
used  in  all  of  the  tests  was  a 
[  mixture  consisting  of  35%  corn 

starch  and  65%  silicone  oil. 

,  - _ I 

I  A  nylon  pendulum  was  constructed  to  simulate  the  rotational  inertia 

<  generated  by  tne  steering  wheel  and  connected  to  the  drive  shaft  near 

I  the  damper. 


The  drive  shaft  was  constructed  as  a  three  piece  aluminum  assembly.  The 
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largest  section  was  a  25.4  mm  diameter  rod  which  allowed  for  the 
mounting  of  the  rotor  and  pendulum.  A  smaller  6.35  mm  diameter  section 
acted  as  a  torsional  spring.  The  final  section  of  the  shaft  was  a  12.5 
mm  diameter  shaft  that  served  as  a  contact  ring.  The  shaft  was 
supported  at  both  of  the  larger  ends  by  bearings  in  the  electrically 
isolated  support  structure. 

The  electrical  path  required  to  activate  the  fluid  consisted  of  a  slip 
ring  contact  connected  to  the  shaft  which  provided  the  voltage  through 
the  drive  shaft  to  the  rotor.  The  stator  of  the  damper  provided  the 
return  path  to  complete  the  circuit. 

2.1  Testing 

Two  different  types  of  tests  were  conducted  on  the  damper  assembly.  The 
first  was  a  dynamic  test.  This  test  consisted  of  applying  an 
oscillatory  input  to  the  drive  shaft  and  recording  the  resulting 
oscillations  of  the  pendulum  with  various  voltage  increments  applied  to 
the  damper. 

The  oscillatory  input  was  produced  through  a  frequency  generator  which 
was  programmed  to  produce  a  sine  wave  of  9.5  Hz.  This  was  then  used  as 
an  input  to  a  Bruel  and  Kjaer  oscillator  which  was  connected  to  the 
drive  shaft  through  a  linkage.  The  resulting  pendulum  oscillations  were 
recorded  with  a  Bruel  and  Kjaer  laser  motion  detector  and  recorded  on  a 
Gruel  &  Kjaer  frequency  analyzer. 

The  procedure  used  to  conduct  this  portion  of  the  experiment  consisted 
of  applying  the  oscillatory  input  to  the  damper  assembly,  applying  the 
appropriate  voltage  and  recording  the  results.  The  voltages  were 
applied  at  400  volt  increments  with  the  voltage  turned  off,  and  the 
system  allowed  to  return  to  its  natural  oscillatory  response  in  between 
applications.  The  results  of  this  portion  of  the  experiment  are  shown 
in  Figure  3. 

The  second  test  performed  on  the  damper  assembly  was  to  measure  the  free 
response  of  the  system.  This  portion  of  the  experiment  consisted  of 
raising  the  pendulum  90  degrees,  releasing  the  pendulum  and  recording 
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the  subsequent  oscillations.  The  angular  response  of  the  pendulum  was 
measured  by  a  rotational  resistive  element  sensor  attached  to  the  drive 
shaft.  This  sensor  uses  a  voltage  input  across  a  resistive  element  and 
outputs  a  voltage  measured  through  the  resistive  element.  The  voltage 
change  recorded  by  the  sensor  was  used  as  the  input  to  a  Bruel  &  Kjaer 
frequency  analyzer  which  recorded  the  oscillations. 

The  appropriate  voltages  were  applied  in  400  volt  increments  when  the 
pendulum  was  raised  to  90  degrees  with  the  resulting  system  response 
shown  in  Figure  4. 

DEFLECTION  VS  VOLTAGE  APPLIED  DEFLECTION  VS  VOLTAGE  APPUED 


(FORCED  RESPONSE)  ,  .  ^  ,  (UN^FORCED  RESPONSE) 


nouM  • 


3.  DISCUSSION 

In  the  first  portion  of  the  experiment,  the  dynamic  response,  the  system 
illustrated  a  high  degree  of  damping  was  obtainable  with  this 
configuration.  With  as  little  as  400  volts  applied  the  response  began 
to  show  the  damping  imparted  to  the  system.  The  higher  voltages  applied 
continued  to  illustrate  the  increa‘';d  damping  until  2800  volts  where  the 
damper  absorbed  the  total  input  to  the  system.  At  this  point  the 
testing  was  suspended  because  there  were  no  more  oscillations  to  record. 
In  the  second  portion  of  the  experiment  the  free  response  of  the  system 
displayed  a  very  underdamped  response.  This  was  expected  since  the  only 
means  of  damping  consisted  of  the  friction  of  the  bearings,  seals,  and 
electrical  slip  ring  contact.  The  electro-rheological  fluid  in  the 
damper  also  supplied  a  small  amount  of  damping  in  the  non-excited  state 
but  this  was  very  small  due  to  the  low  viscosity  silicone  oil  that 
compromised  the  bulk  of  the  fluid.  The  free  response  of  the  pendulum 
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with  the  application  of  400  volts  began  to  illustrate  the  damping 
effect.  The  peak  oscillation  and  number  of  oscillations  steadily 
decreased  with  the  higher  voltages  until  2400  volts  were  applied  and  the 
test  suspended.  At  this  point  the  system  showed  the  response  curve  of  a 
slightly  underdamped  system.  Using  the  method  of  logrithmic  decrement 
this  correlated  to  a  fourfold  increase  in  the  damping  factor  of  the 
system. 

4.  CONCLUDING  REMARKS 

The  preliminary  results  illustrated  above  serves  as  a  positive  indicator 
that  an  electro-rheological  damper  could  be  successfully  implemented 
into  a  steering  system.  The  values  recorded  through  the  testing  are 
appropriate  for  typical  steering  system  damping  requirements. 

The  damper  used  in  this  development  was  constructed  of  the  simplest 
design  and  could  be  modified  to  provide  greater  damping  at  much  lower 
voltages.  Some  suggested  modifications  that  could  be  made  include  the 
basic  modifications  that  also  work  on  conventional  viscous  dampers. 
Increased  shearing  surface  area  and  added  roughness  to  both  the  stator 
and  rotor  will  increase  the  damping  produceo.  further  improvements  may 
also  be  realized  through  the  use  of  more  sophisticated  fluids. 

A  damper  utilizing  an  electro-rheological  fluid  could  be  effertively 
implemented  using  only  the  vehicles  speed  as  the  controlling  input  to 
the  voltage  applied  to  the  fluid.  Thus,  the  voltage  into  the  fluid 
could  be  increased  linearly  with  the  vehicles  speed  producing  the 
desired  turning  efforts. 

This  does  not  imply  that  the  speed  would  be  the  only  input  to  the 
system.  The  almost  instantaneous  response  of  the  electro-rheological 
fill’d  in  the  damper  also  serves  itself  well  for  use  with  a  feedback 
algorithim  that  could  dampen  the  steering  during  any  turning  maneuver. 
Tor  example,  when  a  turn  has  been  executed  a  very  predictable  return  of 
the  steering  wheel  to  center  could  be  achieved  by  monitoring  the 
vehicles  speed,  degree  o^  turn  just  performed  and  adjusting  the  voltage 
to  the  damper  corr^soondingly . 
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An  innovative  class  of  smart  materials  and  structures  incorporating  hybrid 
actuator  and  sensing  systems 
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ABSTRACT 

An  innovative  class  of  smart  materials  and  Ntnictuivs  incorporating  vmhtuUeti  hybrid  multiple 
(icnuiiion  sy\fems  \t.hich  capitalize  on  the  diverse  strengths  of  both  electro-rheological  (KR)  lluids  and 
piezoelectric  materials,  and  operate  in  conjunction  with  liber  optic,  and-or  conventional  sensing  systems  is 
proposed  herein  for  the  active  continuum  vibration  control  of  structural  and  mechanical  system,-.  B\ 
ludicious  selection,  the  smart-materials  designer  can  synthesize  numerous  classes  of  hybrid  actuation  systems 
trom  a  variety  of  actuator  systems  to  satisfy  a  broad  range  of  performance  speciiications  that  cannot  be 
satisfied  by  deploying  a  single  class  of  actuator  systems  alone.  This  work  is  fiKUsed  on  tailoring  the 
elastods  naniic  characteristics  of  beam  and  plale-Iike  structures,  and  a  variety  of  mechanical  systems  m  real 
I'.me.  therefore,  the  hybndiz:ition  of  FR  lluids  and  piezoelectric  actuator  sy.sicms  is  prv>p(’sed.  This 
hvbridization  philosophy  enables  vibration-tailoring  capabilities  to  be  accompli.shed  m  real-time  w  ith  minimal 
energy  consumption  and  high  reliability  due  to  the  inherent  characteristics  of  ER  lluids  and  piezoelectric 
materials. 

I  INTRODUCTION 

The  insatiable  demand  in  the  international  marketplace  for  high-performance  structural  and 
mechanical  systems  for  the  aert>space,  defense,  and  advanced  manufacturing  industries  has  triggered  the 
e\  «>lution  of  advanced  composite  materials  ( 1 1.  These  diverse  high-performance  applications  have  mandated 
that  designers  tailor  both  the  materials  and  the  material  microslructural  characteristics  in  order  to  ensure 
optimal  performance  i>f  mechanical  and  structural  systems.  Designers  have  responded  to  these  challenges 
by  developing  optimal  design  methodologies  for  a  broad  cl3.ss  of  composite  materials.  Typically,  these 
methodologies  hav  been  employed  to  optimally  select  the  individual  con.siitucnls.  their  micn'mechanicai 
characteristics  and  the  spatial  distribution  of  these  constituents  in  order  to  synlhe.size  a  viable  slructure  or 
subsystem  with  'he  desired  mass,  stiffness,  and  damping  properties,  for  example  !2-4|.  However,  i!iese 
(vptimiziition  strategies  for  traditional  advanced  composite  materials  yield  an  optimal  design  which  is  passi\e 
in  nature. 

The  almost  instantaneous  i^.  ponse-time  of  the  ER  lluids,  and  piezoelectric  materials,  and  the 
inherent  ability  of  these  materials  to  interface  with  solid-state  electronics  and  mixJern  control  systems 
prv'vides  designers,  for  the  first-lime,  with  a  unique  capability  to  synthesize  ultra-advanced  smart  composite 
.Ntnictures  who.se  continuum  elastcxlynamic  response  characteristics  can  be  actively  controlled  m  real-time. 
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Small  and  moderate  changes  in  the  geometrical  characteristics  can  be  accomplished  in  real-time  by  employing 
piezoelectric  materials  in  order  to  substantially  improve  the  performance  of  structures,  for  example. 

Some  of  the  recent  dev-lopments  in  these  aspects  of  smart  materials  are  presented  in  [5-15].  The 
principal  re.search  activities  presented  in  this  paper  on  an  innovative  class  of  smart  materials  and  structures 
are  mainly  fiKused  on  electro-rheological  fluids,  piezoelectric  materials  and  fiber  opiic  sensors.  Various 
methixlologies  for  synthesizing  smart  structures  arc  based  on  integrating  these  smart  actuator  materials  in  a 
structural  context  to  create  a  smart  structure  which  is  capable  of  changing  its  characteristics  in  a  controlled 
manner.  All  of  the.se  methodologies  have  distinct  strengths  and  weaknes.ses  and  distinct  domains  of 
applicability.  It  is  expected  that  ultimately  these  various  technologies  will  need  to  be  integrated  in  a  coherent 
manner  in  order  to  develop  smart  structural  systems  that  would  meet  the  diverse  .stringent  high-performance 
rerjuiremcnts  of  future  systems. 

This  paper  is  fixused  on  the  development  of  a  new  generation  of  self-adapting  mechanical  and 
structural  systems  featuring  multifunctional  smart  actuation  and  sensing  capabilities.  It  is  anticipated  that 
the  hybridization  philos^iphy  proposed  herein  for  vibration-tailonng  capabilities  will  result  in  a  viable 
comprehensive  knowledge-base,  which  will  catalyze  the  evolution  of  a  new  generation  of  truly  autonomous 
smart  matenals  and  structures.  This  knowledge-base  will  be  crucial  in  exploiting  the  unique  capability  of 
smart  matenals  to  interface  with  mixlem  solid-state  electronics  by  the  successful  incorporation  of  intelligent 
sensor  technologies  and  mixleni  control  .strategies. 

2.  SMART  MATERlAl,  AND  STRUCTURAL  SYSTEMS 

Smart  materials  and  structures  are  innovative  cla,ss  of  materials  and  structures  which  have  .self- 
inspection  and  Inherent  adaptive  capabilities.  Typically,  the  ingredients  of  a  smart  structure  are  a  host 
structural  material,  a  network  of  sensors,  a  network  i  f  actuators,  micropriKessor-based  computational 
capabilities,  and  real-time  control  capabilities.  Furthermore,  these  smart  structures  must  demon.strate  the 
following  characteristics: 

(i)  The  ability  to  respond  almost  instantaneously  to  changes  in  external  stimuli 

(ii)  They  must  feature  an  inherent  ability  to  interface  with  mcxlem  microprcxiessors  and  .solid-state  electronics 
(lii)  They  should  possess  the  inherent  ability  to  integrate  mixlem  control  systems. 

In  this  novel  cla.ss  of  materials  and  structures,  the  network  of  actuators  provides  the  mu.scles  to  make 
things  happen;  the  network  of  sensors  provides  the  nervous  system  to  monitor  and  communicate  the  external 
sttmuli;  the  stru  tural  material  provides  the  skeleton;  and  the  Microprtx:es.sor-ba.sed  computational  capabilities 
provide  the  brains  which  prextess  the  data  provided  by  the  nervous  system  prior  to  ensuring  the  optimal 
performance  of  the  overall  system.  Smart  materials  and  structures  exploit  the  muscular  charactenslics  offered 
by  electro- rheological  fluids,  and  pieztKtlectric  materials,  for  example. 

Some  of  the  most  promising  dynamically-tunable  actuator  technologies  are  electro- rheological  fluids, 
and  piezoelectric  materials.  These  actuator  systems  have  diverse  characteristics,  with  distinct  advantages  and 
disadvantages.  Electro-rheological  fluids  enable  the  stiffness  and  damping  characteristics  and  hence  the 
natural  frequencies  of  a  smart  structure  to  be  dramatically  changed  in  milliseconds  by  actively  changing  the 
electrical  field  imposed  on  the  ER  fluid  domains.  Piezoelectric  actuators  permit  controlled  voltages  to 
generate  axial  forces  or  bending  rronients  on  a  "-tnicturc  depending  upon  their  electrical  configuration  which 
permit  the  structure  to  develop  niouerate  changes  in  geometry. 

Hybrid  smart  material  and  structural  systems  feature  embedded  hybrid  multi-functional  actuation 
systems  which  capitalize  on  the  diverse  strengths  of  electro-rheological  fluids,  piezoelectric  matenals,  and 
which  operate  in  coniunction  with  fiber  optic  sensing  systems.  This  paper  presents  expenmental 
investigations  w  hich  clearly  demonstrate,  the  ability  to  dramatically  change  the  vibrational  charactenstics  of 
mechanical  systems  fabricated  in  smart  composites  featuring  ER  fluids,  piezoelectric  matenals.  by  controlling 
the  e.xtemal  stimuli  imposed  upon  them.  This  work  has  provided  tools  for  the  design  of  a  variety  of 
prototype  laboratory  platforms  including  robotic  systems,  linkage  mechanisms. 

.V  SMART  STRUCTURES  FEATURING  ER  FLUIDS  AND  PIEZOELECTRIC  MATERIALS: 

E.XPERIMENTAL  INVESTIGATION 

In  this  section  a  summary  of  experimental  investigations  on  smart  structures  incorporating  ER  fluids 
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and  piezoelectric  actuator  systems  is  proposed  in  conjuclion  with  fiber  optic  and/or  conventional  sensing 
systems.  Experimental  results  on  characterizing  the  constitutive  characteristics  of  hydrous  and  anhydrous 
electrorheological  fluids  were  obtained  by  employing  a  Rheometrics  RMS  800  mechanical  .spectrometer  which 
had  been  upgraded  with  a  high-voltage  attachment  which  could  impose  a  potential  difference  of  5000  volts 
across  the  double-walled  couette  test  fixture  containing  the  ER  fluid  sample  under  examination  retrofitted 
in  order  to  impose  a  variety  of  electrical  fields  on  ER  fluid  specimens. 

Typical  result  from  this  investigation  is  presented  in  Figure  1 .  Figure  1  shows  the  log-log  graphical 
pre.sentation  of  experimentally  determined  stress  versus  shear  rate  characteristics  measured  at  different 
voltages  for  a  hydrous  ER  fluid  comprising  of  45  percent  com  starch  and  55  percent  silicon  oil  by  weight. 
The  Bingham-body  mtxlel,  featuring  a  linear  relationship  between  the  shear  rate  and  the  shear  stress  is  clearly 
demonstrated  in  this  figure.  Furthermore,  the  increase  in  the  static  stress  as  a  function  of  increasing  voltage 
IS  also  evident  from  this  figure. 

The  investigations  on  characterizing  ER  fluids  and  piezoelectric  materials  were  instmmental  in  the 
development  of  smart  structural  systems  featuring  composite  and  monolithic  materials  with  embedded  ER 
fluids  and  surface  bonded  piezoelectnc  actuator  elements.  Subsequently  experimental  investigations  on  the 
free  and  forced  vibration  characteristics  of  beams  and  plates  featuring  ER  fluids  and  piezoelectnc  materials 
were  undertaken.  Figures  2  through  6  present  some  of  the  results  obtained  from  these  experimental 
investigations. 

In  Figure  2  a  set  of  experimental  results  is  pre,sented  for  a  smart  beam  with  an  embedded  ER  fluid 
actuator  subjected  to  a  number  of  di.screte  voltages  with  field  intensities  varying  from  0  kV/mm  of  fluid 
thickness  to  2.09  kV/mm.  This  data  emphasizes  and  illustrates  the  ability  to  tailor  the  dynamic  behavior  of 
this  class  of  smart  structural  materials  by  controlling  the  natural  frequencies  and  energy-dissipation 
characteristics.  Figures  3  and  4  show  the  transient  responses  of  a  sman  beam  featuring  piezoelectric 
actuator  with  zero  voltage  and  finite  voltage,  respectively.  Figures  6  and  7  show  the  results  obtained  from 
a  composite  plate  with  embedded  ER  fluids. 

Figure  5  shows  the  response  of  the  plate  under  forced  excitation  at  its  first  natural  frequency 
(15.5Hz)  with  the  ER  fluid  activated  at  different  voltages.  It  is  evident  from  the  figure  that  the  amplitude 
of  the  vibration  is  a  function  of  the  applied  voltage.  At  2kV/mm  the  amplitude  of  the  vibration  becomes 
almost  equal  to  the  amplitude  of  the  excitation  imparted  by  the  shaker  with  the  re.sonating  response  becoming 
almost  negligible. 

Figure  6  shows  the  frequency  response  of  the  same  ER  plate  with  and  without  ER  fluid  activation 
in  the  frequency  range  O-lOOHz.  It  is  again  clear  from  the  figure  that  with  the  application  of  electric  field 
(2kV/mm).  the  stiffness  characteristics  of  the  plate  can  be  drastically  changed.  It  can  be  observed  that  the 
natural  frequencies  of  the  plate  in  these  two  cases  are  totally  different  from  one  another  clearly  demonstrating 
their  dependence  on  the  applied  electric  field. 

Control  strategies  and  methodologies  have  also  been  developed  to  actively  control  the  elastodynamic 
re.spon.se  of  these  structures  in  an  autonomous  manner.  Fiber-optic  and/or  conventional  sen.sors  have  been 
employed  in  implementing  the.se  control  strategies.  lnve.stigations  have  also  been  undertaken  to  control  the 
elastodynamic  response  characteristics  of  structural  systems  which  exhibit  a  chaotic  behavior.  Typical 
waterfall  plots  from  these  investigations  are  shown  in  Figure  7.  which  presents  a  time-frequency  amplitude 
plot  of  the  encastre  beam  demonstrating  how  a  chaotic  regime  ensues  when  the  initial  voltage  state  of  1  kV 
imposed  upon  the  beam  is  subsequently  reduced  to  0  kV.  It  is  evident  from  the  experimental  data  that  upon 
removing  the  electrical  potential  from  the  ER  fluid  domain,  the  somewhat  deterministic  re.sponse  is 
overwhelmed  by  a  chaotic  regime  with  no  distinct  repetition  characteristics.  This  somewhat  preliminary 
study  clearly  suggests  that  the  chaotic  behavior  of  certain  classes  of  structures  deployed  in  engineering 
practice  could  conceivably  be  alleviated  by  fabricating  the,se  structures  m  smart  materials. 

The  above  work  on  developing  smart  materials  featuring  ER  fluids  and  piezoelectric  materials  has 
been  extended  to  the  development  of  smart  mechanisms  and  also  robotic  systems.  The  objective  of  the.se 
investigations  was  to  actively  control  the  elastixlynamic  response  of  these  complex  mechanical  members. 
Figure  8  shows  typical  results  of  investigations  focused  on  the  control  of  a  single-link  robotic  system 
featuring  an  embedded  ER  fluid.  This  figure  pre.sents  the  mea.sured  step  responses  to  a  commanded  step 
angular  position  of  7.2  degrees  with  the  compen.sator  zero  Z.  =-2.  Feedback  gain.s  of  =0.5  and  IC,^  =  0.25 
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were  employed.  The  external  input  voltage  of  2.0  kV/mm  and  0  kV/mm  were  continuously  imposed  on  the 
ER  fluid  domain  throughout  the  two  manoeuvers.  It  is  clear  from  the  figure  that  the  respon.se  characteristics 
of  the  robot  arm  with  and  without  the  voltage  imposed  on  the  ER  fluid  domain  are  dependent  upon  the 
magnitude  of  this  voltage.  The  amplitude  of  the  tip  deflection  of  the  robot  arm  in  the  absence  of  the  electric 
field  was  reduced  by  approximately  35  perce..t  when  the  input  voltage  of  2.0  kV/mm  was  imposed  on  the 
ER  fluid  actuator.  It  is  also  observed  from  this  response  that  the  settling-time  is  approximately  1.3  seconds 
when  a  voltage  is  imposed  on  the  ER  fluid  domain,  while  it  is  approximately  1.6  seconds  when  an  external 
voltage  is  not  imposed  on  the  ER  fluid  embedded  within  the  robot  arm.  Thus  the  elastodynamic  performance 
of  the  robotic  system  can  be  greatly  enhanced  by  carefully  orchestrating  the  input  signal  to  the  electrical 
motor  and  also  electneal  signal  to  the  ER  actuator  embedded  within  the  robot  arm. 

Investigations  of  linkage  mechanisms  have  also  been  undertaken  and  Figure  9  presents  the 
elastodynamic  response  characteristics  of  the  midspan  of  a  flexible  connecting  rod  of  a  slider  crank 
mechanism  when  operating  at  95  rpm.  It  is  evident  from  the  experimental  results  that  the  amplitude  and 
frec|Uency  of  the  elastodynamic  response  of  the  articulating  member,  which  is  being  subjected  to  both 
parametnc  and  forced  excitations,  can  be  controlled  by  adjusting  the  external  voltage  imposed  upon  the  ER 
fluid  domain  within  the  smart  structural  member.  The  behavior  of  the  link  is  clearly  a  function  of  the 
applied  voltage. 

Figure  10  shows  the  preliminary  results  of  the  investigations  fiK-used  on  the  hybndization  of  ER 
fluids  and  piezixilectrtc  actuators  which  operate  in  conjunction  with  fiber  optic  and/or  conventional  sensing 
systems. 

4.  CONCLUSIONS 

An  innovative  class  of  smart  materials  and  structures  incorporating  embedded  hybrid  multiple 
iutuation  systetm  which  capitalize  on  the  diverse  strengths  of  both  electro-rheological  fluids  and  piezoelectric 
materials  has  been  proposed.  The  experimental  results  obtained  for  beams  and  plates  incorporating  ER 
fluids,  piezoelectric  materials  and  fiber  optic  .sensing  systems  show  the  viability  of  this  class  of  materials  for 
the  active  continuum  vibration  control  of  structural  and  mechanical  systems.  By  exploiting  their  capability 
to  be  interfaced  with  modem  s<ilid-state  electronics,  this  class  of  smart  materials  could  provide  the  basis  tor 
the  evolution  of  a  new  generation  of  truly  autonomous  smart  materials  and  structures, 
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Design  of  anhydrous  electrorheological  (F.K)  suspensions  and  mechanism  study 
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Institute  of  .VlateriaLs  Science,  The  University  of  Connecticut,  Storrs,  CT  06269-3136 

■ABSTRACT:  Particle  polarization  in  ER  fluids  was  approached  in  terms  of  models  for 
■Maxwell-type  composites^  Anhydrous  ER  systems  based  on  semiconducting  polymers 
were  designed  to  demonstrate  the  role  of  conductivity  to  the  ER  performance,  an  outcome 
of  the  composite  analysis^  A  dielectro-rheological  technique  was  developed  to 
characterize  the  dielectric  response  and  ER  performance  under  high  fields  simultaneously. 
The  results  demonstrate  the  appropriateness  of  the  chain  theory. 


INTRODUCTION 

Electrorheological  (ER)  fluids  are  suspensions  of  highly  polarizable  fine  particles  dispersed 
in  an  insulating  oil.  The  attractive  features  of  the  fluids  for  practical  application  are  the 
speed  and  reversibility  of  the  liquid-to-solid  and  solid-to-liquid  transition  when  an  electric 
field  is  turned  on  and  off.  With  these  characteristics,  ER  fluids  will  change  the  fundamental 
design  of  hydraulic  systems  and  devices;  they  make  possible  the  instantaneous  control  of 
such  devices  by  computer.  However,  the  many  conceivable  applications  of  ER  technology 
have  yet  to  be  realized  because  the  performance  of  available  fluids  is  deficient.  The 
disadvantages  of  available  water-activated  ER  fluids  include  corrosion  to  the  devices  and  a 
narrow  temperature  range  over  which  they  operate  properly.  Anhydrous  systems  have  been 
rcportctl  but  are  not  highly  developed.  Until  recently,  alumino-silicate  (Filisko  and 
Radzilowski  1990)  and  poly(acene  quinone)  (Block  et  al  1990,  1988)  were  the  principal 
cantlidatcs,  Ho'..ever,  the  mechanism  of  the  alumino-silicate  system  is  not  clear,  while  the 
polytaccnc  quinone)  suffers  from  a  high  current  density.  Clearly  designing  an  efficient  fluid 
requires  a  full  understanding  of  the  ER  mechanism. 

In  this  study,  our  efforts  were  directed  toward  (1)  understanding  the  electronic  polarization 
in  particles,  (2/  designing  anhydrous  ER  suspensions,  and  (3)  developing  a  dielectro- 
rheological  technique  for  characterizing  the  dielectric  response  of  the  fluid  under  high 
electric  fields  and  in  the  presence  of  shear, 

POLARIZATION  IN  PARTICLE,S 

P.irticlc  polarization  in  ER  suspensions  can  be  understood  qualitatively  in  tenns  of  the 
relationships  developed  for  Maxwcll-typc  composites.  The  particles  in  the  ER  suspensions 
,irc  randomly  distributed  and  chained  before  and  after  application  of  an  external  field, 
respectively,  while  those  in  the  Maxwell-type  composites  are  randomly  distributed.  Using 
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an  analysis  for  Maxwell-tvpe  composites  (Banhesiyi  1990),  we  found  that  the  role  of  particle 


conductivity  is  crucial  to  the  panicle  polar¬ 
ization.  The  maximum  local  polarization  is 
also  influenced  hy  such  ptirticlc  parameters 
as  geometry,  anisotropy  and  orientation. 
For  an  ellipsoidtil  particle,  the  long  axis 
aligned  with  the  externtil  field  gives  greater 
ptirticlc  polarization  than  the  short  axis. 
The  polarization  of  a  spherical  particle  lies 
between  the  two  cases.  More  complicated 
is  the  analysis  when  ptinicle  anisotropy  is 
combined  with  orientation  at  an  arbitrary 
angle  to  the  external  field.  VVe  developed 
a  two-component  model  to  simplify  the  case 
(I-igure  1).  The  maximum  polarization 
increases  with  decreasing  angle  of  the  long 
axis  to  the  external  field.  The  anisotropy  in 
conductivity  and  dielectric  property  is  im¬ 
portant  in  the  environment  field.  Particle 
ctmductis  ity  is  again  the  key  parameter  for 
detemiining  the  speed  and  magnitude  of  the 
polarization. 

DP.SIGN  OF  ANHYDROUS  ER  FLUIDS 

From  these  findings,  we  designed  anhydrous 
FR  suspensions  based  on  semiconducting 
materials,  L-doped  polytpyridinium  salt) 
and  poly(p-phenylene-2,6-benzobis-thiazole) 
(PBZT)  (Figure  2).  The  I^-doped  particles 
were  further  proces.sed  to  form  an  insulating 
skin,  which  reduces  interpanicle  conduction 
(Figure  3).  The  designed  anhydrous  sus¬ 
pension  showed  a  strong  ER  effect  (Figure 
4)  and  low  current  density  (Figure  5),  dem¬ 
onstrating  the  importance  of  conductivity 
and  the  insulating  skin.  PBZT.  ;i  robust 
lii|uid  crystalline  polymer  featuring  a  highly 
aromatic,  ladder-like  structure  is  also  being 
studied  as  the  dispersed  phase.  Rheological 
measurements  have  revealed  that  PBZT  is  a 
go(xi  candidate  for  the  dispersed  phase  of 
an  f:R  tluid.  In  steady  shear  measurements 
for  10  v'^f  of  f’BZT  particles  in  mineral  oil. 
the  shear  stress  increased  by  dOT  for  an 
electric  field  of  4  k\7mm.  The  tlynamic 
elastic  modulus  G'  tor  the  tluid  cornprisini: 
20  v"f  of  PBZT  panicles  in  silicone  oil 
showed  a  positive  dependency  on  electric 


Figure  1  A  two-component  model  for  the 
dielectric  properties  of  a  Maxwell-type 
suspension. 
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Figure  2  Chemical  structures  of  polyfpyri- 
dinitim  salt)  and  poly(p-phenylene-2.6- 
benzobisthiazole)  (PBZT). 
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Figure  3  Suructures  of  polylpyridinium  salt) 


particles. 

200 

- 

doped  skin 

D 

c  .50 

• 

o 

■ 

B 

50 

G 

doped 

.  • 

undopea 

O' 

.50 

• 

8  o  o  o 

-  1  _ L. _ _ _ 

o 

__i _ _ 

0  1  Z  3  c 

E  kV  nil! 

Figure  4  Apparent  shear  stress  of  fluids 
witli  20  vt;  of  polyfpyridinium  salt)  parti¬ 
cles  in  mineral  oil.  The  shear  rate  is  0.5  s  '. 


Recent  Iniunations  in  Electro- Rheological  Fluids 


759 


field  in  the  range  of  0,7  to  3.5  kV/mm  (Figure  6).  Further  evidence  of  ER  behavior  of  the 
PBZT  su-spension  by  optical  microscopy  showed  that  the  stiffening  of  the  ER  fluid,  portrayed 
by  the  increase  in  G’  with  electric  field,  is 
due  to  particle  chaining. 


A  DIELECTRO-RHEOLOGICAL 
TECHNIQUE 


(DR) 


/in  effective  technique  was  developed  to 
evaluate  the  dielectric  response  and  ER 
performance  of  the  fluid  under  high  fields 
simultaneously.  Conventional  methods  for 
measuring  dielectric  constants  are  to  moni¬ 
tor  the  charge  accumulation  on  the  capacitor 
that  contains  the  test  sample.  Because  ER 
suspensions  are  used  at  high  fields,  the 
conventional  m.ethods  become  unrealistic 
and  difficult.  To  overcome  this  problem, 
we  monitor  the  attractive  force  between  the 
capacitor  plates  instead.  The  dielectric 
constant  under  high  field  can  be  extracted 
from  the  measured  attractive  force  as  fol¬ 
lows. 
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Figure  5  Current  density  of  Huids  with  20 
v%  of  poly(pyridinium  salt)  particles  in 
mineral  oil. 
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Figure  6  Stiffness  dependence  of  PBZT- 
based  ER  fluid  on  electric  fluid. 


where  C  and  V  are  tlie  capacitance  and  the 
voltage,  respectively;  A  and  h  tu'e  the  area 
and  the  gap  of  the  electrodes,  respectively. 
F,  is  the  attractive  force  of  the  electrodes 
with  a  field  (E).  Thus,  the  normal  stress 
( N,)  can  be  employed  to  evaluate  the  dielec¬ 
tric  constant  (e^^)  of  the  suspension  under 
high  fields.  To  verify  this  new  method,  the 
effective  dielectric  constant  of  mineral  oil 
was  measured  by  this  method  and  found  to 
be  consistent  with  that  from  the  convention¬ 
al  measurement. 

Tile  excess  nomial  stress  (AN)  is  defined 
as  the  difference  of  the  nonnal  stresses  be- 
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[ween  the  suspension  and  the  suspending 
medium.  Therefore,  AN  represents  the  sum 
of  dielectric  interaction  force  of  the  parti¬ 
cles  in  the  suspension.  Previously,  the 
(.lielectric  interaction  force  has  been  estimat¬ 
ed  from  the  difference  in  dielectric  con¬ 
stants  of  the  dispersed  particle  and  the  sus¬ 
pending  medium.  Not  included  in  this 
estimate  are  the  effects  of  the  spatial  struc¬ 
ture  of  the  particles,  and  the  geometry  and 
actual  dielectric  response  of  the  ptirticle.  In 
contrast  the  present  technique  measures  the 
dielectric  interaction  force  directly  and  thus 
itikes  all  these  factors  into  account. 

In  the  designed  anhydrous  ER  system  com¬ 
prising  E-doped  polylpyridinium  salt)  in 
mineral  oil.  vve  found  that  a  higher  shear 
rate  gives  a  smaller  value  of  the  dielectric 
intentetion  force  (i.e.  dielectric  constant)  of 
the  suspension  (Figure  7a).  The  apparent 
shear  stresses  were  measured  simulta¬ 
neously  with  the  dielectric  interaction  force 
by  using  the  DR  technique.  The  apparent 
shear  stress  also  show  a  similar  trend  (Fig¬ 
ure  7b).  This  itnplies  that  t';e  chain  stnic- 
ture  of  the  dispersed  phase  was  progressive¬ 
ly  destroyed  with  increasing  shear  rates. 
The  disrupted  structure,  iti  which  the  parti¬ 
cles  are  more  randomly  distributed,  has  a 
smaller  value  of  interaction  force  among 
particles  and  thus  a  lower  permittivity.  This 
trend  was  consistent  with  measurements  by 
conventional  dielectrometry  before  and  after 
tiligned  with  a  high  field. 


Figure  7(b)  Apparent  shear  stress  (O,,)  vs 
strain  rate  (the  system  in  Figure  7(a)). 


Figure  8  Relationship  of  apparent  shear 
stress  (O;,)  and  dielectric  interaction  force 
(AN)  (the  same  system  as  in  Figure  7). 


the  dispersed  pha.se  in  the  suspension  was 


The  apparent  shear  stress  tirising  from  ER  effect  was  linearly  proportional  to  the  dielectric 
interaction  force  (AN)  (Figure  8).  The  universal  response  is  a  demonstration,  in  essence,  of 
the  appropriateness  of  the  chaining  theory  for  the  ER  effect. 
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ABSTRACT:  This  paper  presents  a  summary  of  analytical  and  experimental  investigations  on 
characieri/ing  the  constitutive  characteristics  of  electrorheological  (ER)  fluids.  The  steady-state 
rheological  properties  of  an  ER  fluid  are  investigated,  and  a  constitutive  rheological  equation  is 
proposed  for  the  ER  fluid.  A  variety  of  ER  fluids  are  considered  here  with  different  particulate  sus¬ 
pensions  in  a  diclcctrie  medium.  In  this  paper,  the  nature  of  an  ER  fluid,  the  influence  of  important 
variables  such  as  shear  stress,  shear  rate,  electric  field  strength,  field  frequency,  temperature,  and 
fluid  composition  are  presented.  The  results  obtained  from  the  experimental  investigations  are 
employed  in  the  mathematical  modeling  of  the  constitutive  rheological  equation  of  the  ER  fluid. 


1.  INTRODUCTION 

Electio-rhcology  is  the  phenomenon  in  which  the  rheology  of  fluids  is  modified  by  the  imposition  of 
electric  fields.  Since  the  invention  of  eleeiro-rheologieal  fluids  by  Winslow  (1949).  the  rheological 
properties  of  ER  fluid  have  attracted  the  attention  of  many  researchers.  Analytical  aspects  of  the  fluid 
dynamics  research  involve  development  of  both  linear  and  non-linear  dynamic  fluid  models.  Electro¬ 
rheological  fluids  in  the.se  models  are  described  by  non-N'ewionian  constitutive  equations  based  on  the 
rheological  measurements.  The  dependence  of  viscoelastic  properties  of  ER  suspensions  on  the 
applied  electric  field  has  been  determined  experimentally  by  Vinogradov  ct  fl/.(1986). 

The  ER  phenomenon  will  not  show  itself  in  pure  oil  for  example,  but  when  an  amount  of  corn  starch  is 
added  the  effect  will  occur.  Most  of  the  information  reported  is  experimental  with  very  few  concerning 
the  nature  of  the  phenomenon.  The  analysis  of  literature  and  patents  shows  that  the  ER  effect  is  sug¬ 
gested  for  application  in  the  fields  of  control  the  flow  of  liquids  through  narrow  channels,  friction 
devices,  clamping  and  positioning  devices  in  machining  of  materials,  switching  components  in  fluidic 
control  devices,  clutches,  brakes,  shock  absorbers,  in  controlling  the  vibration  on  the  space  structure 
and  machinery  part.s,  to  control  the  vibrational  response  of  aircraft  wings,  helicopter  rotor-blades,  and 
robot  arms  Gandhi  et  al.  ( 1989a, b).  .Most  of  the  information  reported  is  experimental  with  very  few 
concerning  the  nature  of  the  phenomenon.  The  ER  phenomenon  is  not  only  of  academic  interest,  but 
also  has  tremendous  applicability  in  engineering  technology,  Gandhi  and  Thompson  (1991). 

It  look  sometime  for  researchers  to  get  momentum  to  exploit  the  mechanical  properties  of  an  ER  fluid 
though  several  .scientists  and  engineers  are  working  in  this  field.  Arguclles  et  a/.(1974)  have  discussed 
a  theoretical  model  for  steady  eleciroviscous  flow  between  parallel  plates.  Adrian!  and  Gast  (1988) 
have  modeled  an  ER  fluid  as  a  concentrated  suspension  of  hard  spheres  with  aligned  field-induced 
electric  dipole  moments  and  they  have  presented  a  clear  insight  into  the  relationship  between  the  mac¬ 
roscopic  properties  of  the  ER  fluid  and  the  microscopic  structural  changes. 
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Klass  and  Martinek  (1967)  and  Block  (1986)  have  been  convinced  that  this  phenomenon  is  due  to  the 
electric  double  layer  interaction  and  overlap,  as  in  the  primary  and  secondary  electroviscous  effects. 
Stangroom  (1983)has  staled  that  the  induced  changes  in  rheology  arc  due  to  the  formation  of  aggre¬ 
gates  of  particles  by  dipole-dipole  interactions  and  to  the  resulting  fibrillated  network.  The  depen¬ 
dence  of  viscoelastic  properties  of  the  ER  suspensions  has  been  suggested  by  Vinogradov  el  al.  (1986). 
In  spite  of  a  number  of  theoretical  and  experimental  investigations  of  the  ER  effect  there  is  a  consider¬ 
able  controversy  concerning  the  primary  underlying  mechanism.  Choi  el  al.  (1990)  have  studied  the 
vibration  characteristics  of  a  composite  beam  containing  ER  fluid.  A  review  article  on  the  nature  of  the 
lluids  active  in  this  role  has  been  published  by  Block  and  Kelly  (1988)  which  also  presented  and 
assessed  various  models  for  ER  fluid.  Whittle  (1990)  has  reported  a  Brownian  dynamics  computer 
simulation  of  an  ER  fluid.  Gamota  and  Filisko  (1991)  have  presented  the  dynamic  mechanical  studies 
of  ER  materials,  which  was  a  combination  of  alumino-silicale  particles  and  paraflin  oil,  at  moderate 
frequencies.  They  have  also  introduced  a  rheological  model  to  account  for  the  ER  materials  qualita¬ 
tively.  McLeish  el  al.  (1991)  have  calculated  the  linear  frequency  dependent  modulus  of  a  model  ER 
fluid  at  low  and  intermediate  concentrations,  assuming  that  panicle  strings  arc  the  dominant  structures. 
This  paper  is  focused  on  the  analytical  and  experimental  investigations  on  the  rheological  properties  of 
the  ER  fluid  which  were  studied  while  subjected  to  electric  fields  ranging  from  0  to  2.2  kV  The  exper¬ 
imental  work  was  undertaken  on  a  Rheometrics  RMS  8(K)  mechanical  spectrometer,  upgraded  with 
high  voltage  capability  (5  kV).  I'sing  a  double  walled  coueite  Gxiure,  steady  shear  measurements 
were  made  al  rates  ranging  from  0. 1  to  100  s"'.  In  addition,  all  measurements  were  made  al  tempera¬ 
tures  ranging  from  24  to  29  C,  The.se  studies  not  only  illustrate  the  rheological  effects  of  an  electric 
field  on  ER  fluids,  but  also  provide  an  insight  for  the  development  of  future  experimental  programs  and 
procedures.  The  rheological  investigations  on  these  ER  fluids  indicate  that  higher  imposed  voltages 
apparently  lead  to  more  rigid  fluid  structures  resulting  in  observed  increases  in  the  shear  viscosity  of 
the  fluid. 

2.  ANALYTICAL  AND  EXPERIMENTAL  INVESTIGATIONS 

For  Newtonian  fluids  the  shear  stress  is  in  phase  with  the  shear  rate  and  there  are  no  normal  stresses. 
For  polymeric  fluids  the  respon.se  is  different  from  linear  fluids.  So,  often  the  data  are  presented  in 
terms  of  real  and  imaginary  parts  of  complex  viscosity,  1]*  .  The  complex  viscosity  T]*  is  defined 
by  T*2i  =  T)*  Yy].  Now  it  is  necessary  to  allow  T|*  to  be  complex  in  order  to  account  for  the  phase 
difference  between  shear  stress  and  the  shear  rate.  Hence  T]*=T|  +17]  ,  T)' being  the  dynamic  vis¬ 

cosity  which  could  be  thought  of  as  elastic  contribution  as.soeialcd  with  energy  storage.  The  function 
which  polymer  rhcologisis  use  is  G*  =  i  CO  T]*  =  G  +  i  G  ,  where  lo  is  the  frequency  of  oscillation 
in  the  experiment.  In  the  above  expression  G  is  known  as  the  storage  modulus,  G  is  known  as 
loss  modulus  and  loss  tangent  is  defined  as  tan  T  =  G'  >  G". 

The  rheological  properties  of  ER  fluids  consisting  of  Argo  corn  starch  and  Silicon  oil  suspension  al 
different  percentages  were  studied  with  varying  ciceirie  field  ranging  from  0  to  2.2  kV.  These  experi¬ 
ments  were  conducted  al  temperatures  varying  from  24°  to  29°  C,  Steady  shear  measurements  were 
made  al  rates  ranging  from  0.1  to  UK)  s  ’  and  the  dynamic  strain  data  were  taken  at  strains  ranging 
from  0.1  10  100  percent  at  a  frequency  of  1.0  rad/s. 

F'igure  I  shows  the  variation  of  the  non-Newtonian  viscosity  El  with  the  rate  of  strain  Y  24°  C.  For 
the  fluid  without  electric  field,  1j  decreases  as  Y  increases.  There  is  a  monotonic  decrease  of  the  vis¬ 
cosity  with  shear  rate,  which  is  commonly  referred  lo  as  viscous  shear  thinning.  For  the  fluid  in  the 
presence  of  an  electric  field,  at  rates  less  than  0.4  s  ’  the  suspension  exhibits  a  Newtonian  like  zero 
shear  viscosity  of  300  Pa.s.  At  rates  higher  than  0.4  s  ’  there  is  a  monolonic  decrease  of  the  viscosity 
with  shear  rate.  We  observe  that  there  is  a  big  change  in  the  non-Newtonian  viscosity  in  the  presence 
of  an  electric  field.  The  non-Newtonian  viscosity  appears  to  be  higher  for  the  fluid  in  the  presence  of 
an  electric  field  than  that  for  the  fluid  w  ithoul  electric  field  for  a  given  shear  rale. 

Figure  2  shows  the  shear  rate  dependence  of  the  shear  stress  at  24°  C  with  and  without  electric  field.  It 
is  observed  that  in  the  absence  of  electric  field  the  shear  stress  varic-  non-linearly  with  the  rate  of 
strain.  We  also  observe  that  there  is  a  sudden  jump  in  T  -  Y  graph  in  the  presence  o*  an  electric  field 
of  1  kV  which  may  be  regarded  as  that  the  ER  fluid  flows  only  at  higher  shear  stresses.  If  we  ean  mea¬ 
sure  the  shear  rates  to  the  order  10'^  then  we  can  observe  more  on  the  characteristics  of  ER  fluid 
When  the  electric  field  is  1  kV.  notice  the  rale  dependence  of  shear  below  4s'’  and  then  it  appears  that 
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ihi-  shear  stress  is  independent  of  the  shear  rate. 

Figure  .7  shows  the  shear  stress  dependence  on  shear  rate  of  the  FR  fluid  subjected  to  difTcrent  voltages 
at  29°  C.  The  main  feature  of  this  figure  is  that  at  voltages  greater  than  20  V  there  is  an  independence 
of  shear  stress  with  shear  rate  over  a  certain  limited  range  of  shear  rates.  Then,  for  investigations  made 
for  voltages  between  20  and  600  V,  shear  stress  is  a  monoionieally  increasing  function  of  shear  rate 
after  a  critical  rate.  For  voltages  greater  than  600  V  the  stress  .seems  to  be  independent  of  shear  rate 
except  for  a  small  range  of  shear  rates  of  2  s’’  to  10  s"'  and  for  some  obserx'ations  y  is  not  measured 
bevond  2  s  '.  This  may  be  likely  due  to  the  temperature  variations  while  conducting  the  experiments 
or  due  to  the  difference  in  levels  (tf  the  ER  fluid  filled  in  the  gap  between  the  cylinders  of  the  rheome¬ 
ter.  Figure  4  shows  the  dependence  of  the  shear  stress  T  with  the  applied  voltage.  For  the  values  of 
the  shear  rate  up  to  10  s  ’,  shear  stress  varies  gradually  and  after  a  critical  applied  voltage  the  variation 
in  the  shear  stress  is  verv  low.  When  the  shear  rate  is  100  s  ',  shear  strc.ss  is  independent  of  voltage  up 
to  100  V  and  bevond  this  voltage  shear  strc.ss  increases  monotonically  upto  1  kV  and  remains  constant 
after  that.  Figure  shows  the  behavior  of  an  E.R  fluid  w  ith  lesser  concentration  of  corn  starch.  Under 
an  electric  Held  of  varying  intensities  a  solid  structure  is  built  up  in  the  Iluid  which  is  seen  from  this 
figure  as  a  larger  stress  response  to  the  shearing  rate  as  the  voltage  is  increased.  It  is  obser  .'cd  that  the 
F.iR  effect  is  le.ss  as  the  coneentration  is  lesser  for  this  ER  Iluid. 

E’igure  ()  shows  the  monotonically  increasing  yield  stress  ol  an  ER  fluid  of  lower  concentration  ) 
with  the  changing  electric  field.  This  coiilirms  our  earlier  result  that  a  more  global  solid  structure  is 
built  up  under  the  varying  intensities  of  electric  field.  In  addition,  with  the  higher  voltages  there  is  an 
exce.ssive  resistance  for  the  fluid  to  flow,  howeser,  it  begins  to  How  once  the  respective  yield  stress  was 
reached.  Figure  7  shows  the  storage  modulus  strain  response  of  the  fluid  at  2.S..4  C  with  an  applied 
voltage  of  1  kV  at  an  oscillatory  frec|ucncv  of  1.0  rad  s,  'fhere  is  no  storage  modulus  for  the  Iluid  over 
a  strain  range  oft)  to  .'’,7.5  percent  and  there  is  a  sinldeii  increase  in  storage  modulus  over  a  strain  range 
of  .4.7.S  to  .‘'.7.S  percent  w  ith  a  phileau  region  beyond  percent.  The  storage  modulus  being  /cro  up 
to  the  strain  of  ,’1.7.s  percent  means  that  corn  starch  under  tlie  applied  voltage  of  1  kV  does  not  have  the 
elastic  property  till  this  percent  strain  is  re.iched  .iiul  its  elastic  response  is  enormous  from  a  strain 
range  of  .4.7.5  to  5.75  percent  and  it  rem.iins  eonst.uit  alter  this  percent.  Figures  8  and  '>  show  the  graph 
of  the  storage  modulus  of  an  FR  Iluid  of  lower  eonci.  ntr.ition  (.’.s'"?-)  w  ith  percent  strain.  In  the  absence 
of  an  electric  field,  the  continuous  elecrease  in  the  storage  iiuhIuIus  over  the  range  of  strains  between  5 
and  UK)  percent  indicates  a  continuous  break  up  of  the  Iluid  structure.  Same  interpretation  can  be 
applied  for  strain  sweeps  performed  at  voltages  bevond  2(MI  V  the  storage  moilulus  is  no  longer  found 
ti'  he  strictly  monotonically  ilecrcasing  function  ol  str.iin.  But.  at  sufllciently  low  strains  the  storage 
ukhIuIus  is  zero,  indicating  pure  vi.scous  type  ol  behavior  At  a  eritie.il  strain  the  material  quickly  takes 
on  elastic  properties. 

3.  DISCUSSIONS  AND  CONCU’SIONS 

Fleetro-rheologieal  fluids  arc  suspensions  ol  particles  on  which  die  application  ol  electric  held 
increases  the  strength  of  the  Iluid  structure.  Even  in  the  absence  e't  an  eleelric  field  a  suspension  lends 
to  form  some  local  siruelure  on  the  result  ol  aggregation  ol  soliel  particles.  These  aggregates  are  easily 
broken  up  umler  the  imposition  of  sicadv  shear  and  result  in  shear  thinning  ol  the  Iluid  as  seen  in  Fig- 
'mes  !  and  2  For  larger  shear  rates  the  visco.sitv  of  the  suspension  decreases  further  and  the  Iluid  lakes 
on  the  rheological  properties  of  the  solvent  w  iih  r.in-inicr’ccng  particles  and  a  plateau  region  tends  to 
form  which  is  not  fully  recognized  in  the  figures. 

The  Iluid  becomes  more  dilTicult  to  break  as  the  voltage  is  increased  due  to  more  powerful  solid  struc¬ 
ture  formed  by  the  application  of  electric  field.  7'liis  is  seen  from  Figure  .4  as  the  stress  response  is 
larger  for  the  shear  rale  as  the  voltage  increases.  From  Figure  4  we  sec  that  there  is  certain  kind  of 
relationship  among  T  ,  y  and  the  electric  field  E  as  i!ic  slope  ol  the  curves  lor  the  electric  field  varying 
from  91)  V  to  1  kV  arc  more  oi  less  two.  At  low  sliv.ir  rales  and  under  an  imposed  electric  field,  it  is 
tvpical  for  the  stress  of  Ihc  Iluid  to  be  indcpendeiil  ol  liie  shear  rale.  This  How  behavior  does  not  repre¬ 
sent  ,1  solid  like  respiinse  or  does  not  bch.ive  Iikv  a  \  iscoiis  or  viscoelastic  Iluid  since  in  viscous  liquivis 
a  result  of  molecular  momentum  transport  is  ih.it  the  stress  depends  on  the  strain  rale.  But.  still  we 
observe  that  this  lluitl  mav  h.ive  a  rhcoloeical  npuiiion  whoso  y  and  the  yield  stress  Tp  depend  on  'he 
electric  field  Considering  all  these  a-  oects  of  the  Hiiul  .m  empirical  rheological  equation  mav  be  vvnl- 
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X  =  aE'''/)  _  lor  Y  ^  Ye 

T  =  Y  (E)  for  Y  ^  Ye 

where  T  and  arc  constants  and  Ye  “  critical  strain  rate.  But.  it  seems,  we  can  not  generalize  this 
kind  of  behavior  for  all  ER  fluids  under  an  applied  electric  field.  Barnes  and  Walters  (1985)  have 
concluded  that  the  yield  stress  concept  is  an  idealization  using  the  data  obtained  from  constant  stress 
rheometers.  They  have  also  concluded  that  bv  using  Deer  Rheometer  Mk  II,  which  can  give  results  at 
shear  rates  as  low  as  10'*’  s  ',  lluids  which  How  at  high  sires.ses  will  flow  at  all  lower  stresses  and  there 
is  no  yield  stress.  This  departure  from  the  eoneepi  of  sield  stress  makes  us  to  feel  skeptical  about  the 
usage  of  the  constitutive  equation  of  Bingham  model  for  ER  lluid. 

From  Figures  7  -  9,  the  implication  of  a  zero  storage  modulus  at  lower  percent  strains  means  that  the 
lluid  behaves  like  a  Newtonian  lluid  and  it  is  significant  w  hen  this  is  compared  with  that  of  Shulman  et 
at.  (1989).  An  empirical  rheological  equation  has  been  suggested  by  (1989),  which  also  incorporates 
yield  stress.  If  the  ER  fluid  in  question  has  yield  stre.ss  than  it  would  mean  that  for  low  strains  the 
material  would  behave  as  an  clastic  solid.  The  corn  starch  ER  lluid  is  not  an  elastic  solid  but  rather  a 
viscous  fluid.  Higher  applied  voltages  on  the  lluid  would  lead  to  more  rigid  fluid  structures.  Below 
some  critical  percent  strain  the  storage  modulus  was  found  to  be  zero  indicating  pure  viscous  fluid  type 
behavior.  But  this  contradicts  with  current  constitutive  equation  which  uses  a  yield  stress  to  describe 
ER  fluid  behavior.  The  yield  stress  idea  exists  in  isotropic  materials,  but  still  work  has  to  be  done 
whether  this  exists  for  anisotropic  materials. 
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Abstract 

The  idea  of  using  a  single  optical  fiber  for  simultaneous  sensing  and  communications  has 
been  mentioned  for  many  years.  Initial  studies  using  a  single  analog  tone  frequency  and 
vibration  sensing  were  first  described  within  the  last  few  years.  We  have  extended  thru 
earlier  work  to  the  domain  of  high  bandwidth  communication  signals  and  speckle  pattern- 
based  vibration  sensing  along  a  single  multimode  optical  fiber.  By  adding  a  frequency 
subcarrier  to  the  laser  diode  light  source,  it  is  possible  to  shift  the  vibration  signal  away 
from  lew  frequency  noise  sources  (e.g.,  line  noise,  1/f  noise)  and  obtain  a  significantly 
higher  SNR  and  thus  improved  vibration  signal  detection.  Experimental  results  and  system 
configurations  will  be  described  as  will  the  overall  cross-talk  effects  of  the  communication 
channel  and  the  vibration  sensing  signal. 

Introduction 

Over  the  past  few  decades  there  has  been  a  great  deal  of  interest  in  u.sing  optical 
frequencies  for  communication  systems.  This  interest  has  been  motivated  by  improved 
optical  sources,  notably  the  laser,  and  the  development  of  the  optical  fiber.  The  advantages 
of  using  optical  frequencies  lie  in  the  large  potential  bandwidth  available,  immunity  from 
the  effects  of  electromagnetic  interference  and  other  noise  sources,  and  the  ability  to  use 
low  loss  optical  fibers  for  data  transmission.  Today  optical  fibers  with  lo.s.ses  of  less  than 
1 .0  dB/Km  are  readily  available  from  a  number  of  commercial  sources,  and  long  distance 
filler  optic  networks  have  been  installed  worldwide. 

Although  optical  fibers  were  developed  for  telecommunications  use,  they  have  also  been 
successfully  deployed  in  sensor  applications.  Fiber  optic  sen.sors  offer  a  number  of 
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advantages  over  conventional  sensors,  such  as  increased  sensitivity,  geometric  versatility  in 
that  the  sensor  can  be  configured  into  nearly  any  shape,  and  immunity  from  the  effects  of 
electromagnetic  interference  (EMI).  Fiberoptic  sensors  have  been  developed  to  measure  a 
number  of  different  parameters,  such  as  strain,  magnetic  fields,  radiation,  and  rotation^-^. 

Fiber  sensors  can  be  embedded  in  composite  materials,  fiberglass,  concrete,  and  other 
such  materitils.  At  present  there  is  considerable  interest  in  embedding  these  sensors  in 
composite  materials  used  in  aircraft  and  other  structures,  creating  what  is  known  as  "smart 
skins,"  In  the  interest  of  reducing  the  weight  of  the  completed  craft  further,  it  has  been 
suggested  that  multipurpose  purpose  sensor  and  communication  systems  be  developed. 

V  iliration  Scn.sing  with  Multimode  Fiber  Sensors 

.■\  multimode  optical  fiber  can  be  used  as  a  vibration  sensor.  Figure  1  shows  a  diagram 
of  a  multimode  fiber  vibration  sensor,  based  on  the  phenomena  of  modal  noise.  When 
light  from  a  laser  is  launched  into  a  multimode  optical  fiber,  a  speckle  pattern  is  fonned  at 
tlic  fiber  output.  This  pattern  is  the  result  of  interference  and  coupling  of  the  different 
modes  propagtiting  down  the  fiber.  When  the  fiber  is  vibrated  the  phase  and  intensity  of 
each  mode  is  mtxJulated,  each  to  a  varying  degree.  Due  to  the  differential  modulation  of  the 
modes  the  distrUnainn  of  the  light  intensity  in  the  pattern  will  change,  though  the  intensity 
1  a'  ilic  overall  pattern  will  not  vary.  If  the  output  pattern  is  sp.atially  filtered  (as  would  occur 
at  splices,  connectors,  etc.)  then  the  amplitud;  of  the  signal  at  the  photodctector  will  be 
m. oduhited.  Vibration  sensing  based  on  this  principle  has  been  demonstrated  in  numerous 
applicatioti  tireas. 

.Simultaneoii.s  Communications  and  Sensing 

l  Apcrimcnts  were  designed  to  show  that  a  multimode  fiber  can  be  used  siir  I'aneously  as 
,1  \  iliration  sensor  and  a  communications  link.  The  experimental  configuicition  is  shown  if 
Figure  l  .'Fhe  transmitter  signal  was  a  34  Mb/s  pseudo  random  bit  sequence,  in  a  Non 
Keturn  to  Zero  (NRZ)  format.  First,  the  vibration  rate  was  set  to  zero,  and  the  bit  error 
rate  as  a  function  of  the  received  optical  power  was  determined. 

Nest  the  power  of  the  transmitted  signal  was  reduced  so  that  the  logjg  of  the  HER  was 
approximately  -7.2.  'ITie  frequency  vibration  of  the  bar  was  set  to  67  Hz,  and  the  logi()  of 
the  HER  ;is  a  function  of  the  vibration  amplitude  '  .as  measured.  The  results  of  this 
experiment  are  shown  in  figure  4.  It  was  noted  that  when  the  transmitter  power  was  sot  so 
ihai  ihc  HFR  was  less  than  -8.0,  the  BER  was  not  affected  at  all  by  vibrating  the  fiber. 
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Figure  1.  Simultaneous  communications  and  vibration  sensing  c.xpcrimcnt. 


The  final  experiment  was  intended  to  demonstrate  how  the  communications  signal  could 
degrade  the  vibration  sensor  signal.  The  vibration  frequency  of  the  bar  was  .set  at  67  Hz, 
with  a  displacement  of  approximately  0.5mm.  It  was  determined  that  the  vibration  signal 
can  be  recovered  with  the  transmitter  on,  the  noise  floor  is  increased  by  about  20  dB, 
limiting  the  minimum  detectable  signal  to  -45  dB.  However,  if  the  power  of  the 
communication  signal  is  increased,  it  is  possible  that  the  vibration  signal  can  be  completely 
obscured. 


Summary 

These  preliminary  studies  have  demonstrated  that  a  single  multimode  fiber  can  be  usetl 
simultaneously  as  a  vibration  sensor  and  communications  link.  When  light  from  a  source 
with  a  sufficiently  narrow  spectral  output  (i.e.  sufficiently  long  coherence  time)  is  launclied 
into  a  multimode  optical  fiber,  a  speckle  pattern  is  formed  at  the  fiber  output.  Any 
undesired  modulation  of  the  pattern  is  referred  to  as  modal  noise,  and  can  occur  v.  hen  the 
fiber  is  subjected  to  any  mechanical  perturbation.  Whereas  modal  noise  can  be  detrimental 
in  a  communications  system,  it  can  be  used  to  an  advantage  in  a  sensor  system.  It  has  been 
demonstrated  that  the  modal  can  be  used  to  determine  the  frequency  and  amplitude  of  the 
fiber  perturbation. 

The  modal  noise  from  the  vibration  signal  will  degrade  the  communications  channel.  One 
way  of  reducing  the  impact  of  the  modal  noise  is  to  increase  the  nutnber  of  speckles 
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received  by  the  photodetector.  This  can  be  accomplished  by  either  using  a  light  source 
with  many  (greater  than  10)  longitudinal  modes,  or  varying  the  extent  of  spatial  filtering  of 
the  speckle  pattern.  Of  course,  it  should  be  noted  that  using  either  of  these  two  methods 
will  reduce  the  amplitude  of  the  vibration  signal.  Alternatively,  the  power  of  the 
transmitted  signal  can  be  increased.  If  sufficient  optical  power  is  delivered  to  the  receiver, 
the  desired  bit  error  rate  can  be  achieved,  despite  the  modal  noise. 

The  advantage  of  multiplexing  sensor  and  communication  signals  is  the  reduced  cost  of 
the  overall  sensor  system.  A  frequency  multiplexing  scheme  is  preferred  over  time  division 
multiplexing,  since  for  equivalent  peak  powers,  the  average  power  is  higher  for  the  former. 
Higher  signal  to  noise  ratios  are  therefore  possible,  and  it  is  possible  to  multiplex  a  greater 
number  of  sensors. 


BER  vs  Amplitude  of  Vibration 
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Non-de'i^^nu'tive  evaluation  of  I*M\  actuator  elements  for  active  structures 


John  A.  Wel'man 
Litton/Itek  Optical  Systems 

10  Maguire  Road,  Lexington,  Massachusetts  02173-3199 

ABSTRACT:  Non  destructive  techniques  are  needed  to  improve  the  performance  and 
reliability  of  actuator  elements  incorporated  into  active  and  adaptive  structures.  Ultrasonic 
velocimetry  is  pre.sented  as  a  non-destnictive  technique  for  testing  Lead  Magnesium  Niobate 
(PMN)  multilayer  stacked  actuator  segments.  Acoustic  velocity  of  PMN  actuator  segments 
was  measured  and  found  to  correlate  with  the  actuator's  strain  field  sensitivity.  The  acoustic 
velocity  of  PMN  was  found  to  varv'  under  an  applied  electric  field,  corresponding  to  morphic 
changes  in  the  crystid  structure. 

1.0  INTRODUCTION 

Actuators  are  tncorpctraied  into  active  stnicturcs  as  critical  structural  elements  to  apply  forces  and 
precisely  distort  the  structure  in  a  predetermined  manner.  The  actuators  ability  to  provide  the 
required  mechanical  strain  or  displacement  with  the  necessary  precision  determines  the 
performance  and  reliability  of  the  active  structure.  The  reliability  of  a  complex  active  structure 
with  a  large  number  of  actuators  and  electronics  must  be  addressed  before  for  this  technology 
c;in  transition  from  laboratory  experiments  to  critical  applications.  Development  of  non¬ 
destructive  testing  techniques  for  actuator  elements  is  the  first  step  towards  improving 
performance  and  reliability  of  active  structures.  Acoustic  energy  is  commonly  used  in  the  non¬ 
destructive  detection  of  Haws  and  evaluation  of  materials.  Pulses  of  high  frequency  ultrasonic 
Waves  are  propagated  through  a  sample  while  the  reflected  and  transmitted  energy  is  measured. 
Infonnation  about  the  sample  is  deduced  from  the  propagation  time,  amplitude  and  waveform  of 
the  transmitted  wave.  This  experimental  investigation  has  been  undertaken  to  establish  the 
relationship  between  longitudinal  acoustic  velocity  and  the  electromechanical  behavior  of  PMN 
multilayer  actuators.  The  relationships  established  can  be  used  for  non-destructise 
characterization  of  PMN  multilayer  actuators  by  ultrasonic  vekKimetry. 

2.0  PMN  ACTUATOR  PI  lENOMENOLOOY 

Over  the  past  decade,  Litton/Itek  Optical  .Systems  has  pioneered  the  development  of  PMN 
multilayer  actuators  for  active  stnictural  component.s.  PMN  is  an  electrostrictive  material  that 
offers  several  inherent  advantages  over  PZT  materials  for  adaptive  structures  applications.  The 
strain  sensitivity  of  the  material  and  high  Young's  modulus  provide  excellent  displacement 
resolution.  The  material  requires  no  poling  and  exhibits  exceptional  set  point  accuracy  due  to  its 
low  hysteresis.  The  material  is  very  thermally  stable  due  to  a  very  low  thermal  expansion 
ctxtfficient  and  low  energy  dissipation.  Table  1  provides  an  overview  of  the  typical  properties  for 
the  proprietary  Itek  PMN  composition. 

The  actuators  are  fabricated  from  a  ceramic  powder  process.  The  PMN  powders  are  prepared 
and  then  tape  cast  to  form  individual  layers.  Two  different  electrode  patterns  are  printed  on  the 
tapes.  Tapes  with  alternating  electrode  layers  are  then  stacked  together  to  form  a  greenware 
block.  The  PMN  block  is  then  sintered  and  di.scretized  to  form  individual  actuators.  The 
electnxJes  in  the  finished  actuator  are  connected  electrically  in  parallel.  While  the  certmiic  layers 
act  in  series  combining  the  strain  from  each  layer  to  prtxluce  the  actuator  stroke.  Filectrical  and 
structural  properties  can  vtiry  between  actuators  resulting  from  the  microstructure  of  the  certunic, 
contamination,  manufiicturing  tolerances,  and  uncontrolled  proce.ss  variables.  Typical  defects  that 
effect  the  performance  of  the  actuator  include  porosity,  delaminations,  voids,  interstitials  and 
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cracks.  The  consequences  of  these  defects  include  actuator  breakage,  dielectric  break  down, 
variable  strain  field  sensitivity  and  altered  mechanical  or  electrical  propierties.  Evolution  of  the 
actuator  fabrication  process  through  design  and  process  controls  has  led  to  major  improvements 
in  the  yield,  stroke,  response  uniformity  and  reliability  of  the  actuators.  Figure  1  illustrates  some 
of  the  standard  SELECT  actuator  configurations  manufactured  by  Itek.  Large  stroke  actuators 
are  prtxiuced  by  bonding  smaller  standard  actuator  segments  together  to  provide  the  required 
number  of  actuator  layers. 

PMN  is  a  relaxor  ferroelectric  ceramic  material.  Under  an  applied  electric  field  the  ceramic 
undergtxis  an  eleccrostrictive  phase  transformation  inducing  mechanical  strain.  The  strain  is 
unidirectional  and  proportional  to  the  squared  power  of  the  electric  field.  The  electrostrictive 
behavior  of  PMN  is  governed  by  thermodynamic  equations  derived  from  the  elastic  Gibb's 
function.  The  Gibb's  function  is  a  generalized  equation  that  relates  the  strain  response  of  a 
material  to  applied  forces,  fields  and  temperature.  The  familiar  form  of  the  eletrostriction  strain 
equation  is  obtained  by  eliminating  all  unrelated,  higher  order  and  non-linear  terms. 

x  =  sX-i-mE^  (1) 

where  E  is  the  applied  electric  field,  m  is  the  electrostrictive  constant,  s  is  the  elastic  compliance 
of  the  ceramic,  and  X  is  stress  within  the  actuator. 

.VO  TESTING  METHODOLOGY 

Non-destructive  testing  techniques  are  required  for  process  control  during  fabrication  and  final 
inspection  to  assure  desired  performance  and  reliability  of  actuators  being  incorporated  into 
active  structures.  A  useful  test  prtKedures,  particularly  for  process  control,  should  be  cost  and 
time  effective,  minimizing  setup  and  sample  preparation.  Information  about  the  elastic  properties 
can  be  obtained  by  measuring  the  acoustic  velocity  of  the  bulk  material.  Acoustic  testing 
methcxls  have  been  investigated  by  previous  authors  in  the  testing  and  evaluation  of  multilayer 
capacitor  structures.  Acoustic  resonances  and  acoustic  emission  techniques  have  been  employed 
for  testing  of  multilayer  capacitor  structures.  The  longitudinal  acoustic  velocity  of  a  material  is 
related  to  the  elastic  stiffness  and  density  by 


I  E(l-V)  ~ 
’y'p(l+v)(l-2v) 


(2) 


where  E  is  Young's  modulus,  P  is  density  and  v  is  pois.son's  ratio.  The  measurement  of  the 
longitudinal  velocity  by  it's  self  is  not  sufficient  to  calculate  the  elastic  modulus  of  the  test 
sample.  Usually  the  acoustic  shear  velocity  is  also  measured  which  allows  for  both  Young's 
nuxlulus  and  pois.son's  ratio  to  be  derived.  Measurement  of  the  shear  velocity  is  rather  difficult 
particularly  with  the  small  size  and  shape  of  the  actuators.  The  longitudinal  velocity  by  it's  self 
provides  more  of  a  qualitative  measure  of  the  elastic  properties  of  the  material.  The  potential  for 
ultrasonic  vel(x;imetry  to  be  utilized  as  a  non-destructive  evaluation  method  is  ba.sed  on  the 
dependance  of  both  the  electromechanical  strain  and  acoustic  velocity  on  the  elastic  properties  of 
the  PMN  ceramic  material. 

A  Panamcirics  model  Ii2.‘i2  ultrasonic  velocimeter  was  used  for  the  investigation  to  measure  the 
longitudinal  acoustic  vekK'ity  of  PMN  actuator  segments.  Two  piezoelectric  transducers  are 
mounted  on  the  jaws  of  a  digital  calipier.  One  transducer  produces  a  20  mhz  acoustic  pulse,  and 
the  .second  senses  the  transmitted  pulse  on  the  other  side  of  the  .sample.  The  acoustic  velocity  is 
ilerived  hy  measuring  the  transit  time  for  the  puls  to  propagate  through  the  thickness  of  the 
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specimen.  Test  samples  are  clamped  between  the  transducers  by  means  of  the  caliper,  and  are 
coupled  to  the  transducers  by  a  liquid  couplant.  The  thickness  of  the  sample  is  measured  by  the 
calipers  and  automatically  record^  by  the  velocimeter.  The  velocimeter  precisely  measures  the 
transit  time  delay  and  calculates  the  acoustic  velocity. 


c,  =■ 


(t-lJ 


(3) 


where  ci  is  the  longitudinal  acoustic  velocity  of  the  sample,  X  is  the  thickness  of  the  sample,  and 
t-to  is  the  measured  transit  time.  The  accuracy  of  the  velocimeter  is  within  +/-  0.2  percent  full 
scale.  Outputs  from  the  velocimeter  also  allow  the  waveform  of  the  transmitted  waves  to  be 
recorded  with  a  digital  oscilloscope.  The  echo  pattern  and  attenuation  of  the  wave  pulse  can  be 
used  to  deduce  additional  information  about  the  properties  of  the  sample. 

Actuator  segments  were  tested  along  the  longitudinal  axis  through  the  multilayer  structure. 
Because  this  test  is  non  electrical,  actuators  can  under  go  testing  and  screening  prior  to 
expending  the  cost  of  applying  electrical  contacts  and  wires.  Thus,  The  expense  of  handling  and 
processing  defective  actuators  can  be  saved.  The  testing  time  for  each  actuator  is  very  short 
allowing  for  large  numbers  of  actuators  to  be  tested  cost  effectively. 

4.  EXPERIMENTAL  RESULTS 

Experimental  testing  was  performed  on  a  group  of  69  actuators  segments  that  included  rejected 
and  left  over  actuator  segments  from  a  produenon  run.  Each  segment  was  tested  for  capacitance, 
loss  tangent,  stroke  at  120  volts  and  acoustic  velocity.  Two  independent  velocity  measurements 
were  made  for  each  actuator  to  provide  an  indication  of  the  accuracy  and  repeatability  of  the 
measurements.  The  acoustic  velocity  was  then  correlated  to  the  actuator  stroke  data  that  was 
measured  with  a  Dektak  profilometer.  Figure  2  presents  the  experimental  results  that  indicate  a 
direct  correlation  between  the  measured  velocity  and  electromechanical  sensitivity  of  the 
.actuators.  Stroke  between  actuators  at  120  volts  ranged  from  1.8  to  4.0  microns,  and  is  linearly 
proportional  to  a  8.6  percent  variation  in  acoustic  velocity.  PMN  actuator  segments  with  lower 
acoustic  velocity  exhibited  greater  strain  sensitivity.  The  repeatability  of  the  velocity 
measurements  is  depicted  by  the  error  bars. 

A  second  experiment  was  performed  to  investigate  the  nonlinear  effect  of  an  applied  electric  field 
on  the  elastic  properties  of  the  ceramic.  Variations  of  the  elastic  properties  under  an  applied 
electric  field  are  the  result  of  morphic  changes  in  the  crystal  structure  of  the  ceramic.  The 
actuator  was  connected  to  a  variable  power  supply.  The  acoustic  velocity  of  the  actuator  was 
measured  while  the  voltage  was  incrementally  increased.  Figure  3  shows  that  the  acoustic 
velocity  of  a  PMN  actuator  decreases  by  roughly  4  percent  under  an  applied  electric  field 
corresponding  to  120  volts.  The  decrease  in  the  acou.stic  velocity  under  the  applied  electric  field 
indicates  a  decrease  in  the  stiffness  of  the  ceramic  that  effects  the  actuator's  displacement 
response  under  load. 

.V  CONCLUSIONS 

The  purpo.se  of  this  study  has  been  to  establish  the  feasibility  of  ultrasonic  velocimetiy  as  a 
technique  for  non-destructive  evaluation  of  PMN  multilayer  actuators.  Experimental  results  have 
demonstrated  a  direct  correlation  between  the  acoustic  velocity  and  the  electromechanical 
.sensitivity  of  the  actuators.  Acoustic  velocity  measurements  have  also  been  u.sed  to  measure  the 
sensitivity  of  PMN  elastic  properties  to  an  applied  electric  field.  The  velocimetry  test  procedure 
meets  the  desired  objectives  of  cost  effective,  accurate  and  rapid  testing  of  actuators  for  prtKess 
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control  and  final  acceptance.  The  full  potential  of  the  Panametrics  ultrasonic  velocimeter  as  a  tool 
for  non-destructively  characterizing  multilayer  PMN  actuators  has  not  yet  been  established. 
Future  work  will  investigate  correlations  of  attenuation  and  echo  patterns  to  the  structural 
integrity  and  other  key  performance  characteristics  of  PMN  multilayer  actuators. 
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Compositc-cmbeddod  fiber  optic  data  links  and  related  niaterial/connector  issues 


R  L  Morgan,  S  L  Enters,  and  K  J  Jones 

Naval  Avionics  Center,  600C  East  2!st  Street,  Indianapolis,  IN  46219-2189 

ABSTRACT:  The  objective  of  this  effort  is  to  utilize  composite-embedded 
optical  fibers  in  airborne  electronic  packaging.  Embedded  evanescent 
couplers  are  being  developed.  Also,  an  embedded  spiral  is  being  tested 
for  signal  distribution  by  means  of  evanescent  coupling  from  a 
motherboard  to  individual  circuit  cards.  A  design  for  an  embedded 
connector  array  is  being  assembled  and  tested.  High  temperature  optical 
fibers  are  being  investigated  for  embedment  in  metal-matrix  composites. 


1.  INTRODUCTION 

Future  electronic  packaging  designs  will  require  new  design  concepts  and 
material  systems  that  meet  severe  military  environmental  constraints  while 
reducing  weight,  increasing  performance  and  reliability,  and  reducing  life 
cycle  costs.  New  material  systems  must  be  developed  and  transitioned  into 
all  aspects  of  avionic  packaging,  including  circuit  modules,  enclosures, 
equipment  racking,  and  cabling.  Future  aircraft  and  installed  electronic 
systems  will  be  composed  of  composite  materials  of  various  types.  They 
will  also  incorporate  fiber  optic  sensors  and  data  links.  As  part  of  the 
Naval  Avionics  Center's  (NAC)  total  packaging  concept,  the  NAC  composite/ 
optical  fiber  team  is  combining  these  technologies  and  investigating  the 
embedment  of  optical  fibers  in  composite  materials  and  experimental  avionic 
components  to  develop  intra-aircraft  data  links.  Experimental  circuit 
module  and  enclosure  hardware  using  composite-embedded  optical  fiber  data 
links  are  being  designed  and  “"abricated  to  conform  to  the  physical  and 
environmental  constraints  of  avionics  packaging.  This  technique  will 
reduce  aircraft  weight  penalties  through  reduced  copper  wiring  volume  and 
will  enhance  h  platform  and  air  crew  performances  through  enhanced 
signal  transmissions  due  to  the  signal  carrying  capabilities  of  the  optical 
f i bers . 

The  goal  of  this  project  is  to  fabricate  an  electronics  chassis/circuit 
module  demonstration  entirely  "wired"  with  embedded  and  interconnected 
optical  fibers  fsee  Figure  1).  Previous  publications  by  the  authors 
(Morgan,  et  al.,  1991;  Ehlers,  et  al.,  1991;  Ehle-'S,  et  al.,  1990;  Morgan, 
et  al.,  1989)  have  reported  progress  toward  this  goal.  This  paper  will 
report  on  three  areas  considered  essential  to  avionics  composite-embedded 
data  links:  (1)  embedded  couplers  and  signal  distribution,  (2)  embedded 
connectors,  and  (3)  material  and  environmental  characterization  of  embedded 
optical  fibers  in  polymer-matrix  (PMC)  and  metal-matrix  composites  (MMC). 

:  I't;:  iop  Pi.Nid-nij!  I  ui 
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Fig.  1 

2.  EMBEDDED  COUPLERS  AND  SIGNAL  DISTRIBUTION 

In  order  to  achieve  the  avionics  data  links  depicted  in  Figure  1,  methods 
are  being  developed  for  coupling  a  signal  from  the  motherboard  to  a  circuit 
card  and  for  signal  distribution  within  the  motherboard.  Previous  papers 
(Ehlers,  et  al.,  1991;  Ehlers,  et  al.,  1990;  Morgan,  et  al.,  1989)  have 
reported  on  using  evanescent  coupling  for  tapping  composite-embedded 
optical  data  links.  Signal  distribution  is  achieved  within  the  motherboard 
by  means  of  a  single  fiber  embedded  as  a  flattened  spiral  (Morgan,  et  al., 
1991). 

Spiral-oriented  optical  fibers  have  been  reported  by  Newton,  et  al.,  (1983) 
for  use  as  a  variable  delay  line  or  transversal  filter.  A  similar 
application,  a  spectrometer,  was  reported  by  Zurn  and  Ulrich  (1990).  A 
planar  fiber  optic  acoustic  sensor  configured  in  a  planar  spiral  and 
embedded  in  polyurethane  was  reported  by  Bucaro  et  al.  (1991)  and  Lagokos 
et  al.  (1988).  An  embedded  spiral  avoids  loss  due  to  coupling,  fusion 
splices  and  bending,  and  may  be  thought  of  as  a  folded  delay  line. 

Coupling  has  been  achieved  by  evanescent  coupling  of  embedded  optical 
fibers  in  two  parallel  links  (see  Figure  2.).  Signal  distribution  has  been 
demonstrated  in  evanescent  coupling  of  an  optical  fiber  embedded  in  a 
spiral  configuration  (see  Figure  3.).  Three  loops  were  tapped.  The 
spiral-embedded  optical  fiber  allows  for  sequential  tapping  of  a  single 
data  link  without  losses  from  fusion  splicing,  fused  biconical  couplers  or 
tight  bends.  Ongoing  work  is  involved  with  two  essential  steps:  (a) 
measurement  of  coupling  loss  (i.e.,  power  input  versus  power  output  from 
evanescent  tap  plus  outgoing  embedded  optical  fiber),  and  (b)  measurement 
of  power  output  versus  transverse  displacement  of  a  top  (non-embedded) 
directional  coupler  with  respect  to  the  tap  of  the  embedded  optical  fiber. 

3  EMBEDDED  CONNECTORS 

Embedded  optical  fibers  in  composites  will  require  interconnection 
technology  to  provide  "panel  joints"  between  composite  sections.  A 
composite-embedded  connector  must  achieve  optical  connection  of  composite- 
embedded  optical  fibers  between  different  boards  while  preventing  breakage 
of  the  embedded  optical  fibers.  Also,  the  embedded  connector  must  not 
compromise  or  weaken  the  structural  integrity  of  the  composite  panel. 
Silicon  V-grooves  (Watson  1991)  have  been  used  for  years  for  single  mode 
connectors.  These  are,  however  greater  than  140  microns  in  diameter,  and 
would  weaken  the  composite  structure  if  embedded.  Lu  and  Blaha  (1991)  have 
reported  embedding  a  ceramic  ferrule  and  a  single  mode  connector  in  a 
composite  panel.  Again,  these  structures  will  likely  weaken  the  composite 
panel  because  they  exceed  140  microns  in  diameter.  The  intent  in  avionics 
packaqing  is  to  use  relatively  thin  material  cross-sections. 
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A  design  for  an  embedded  connector  ai^ray  is  being  developed  (see  Figure 

4.).  Ongoing  work  is  involved  with  assembling  this  device  and 
demonstrating  that  it  not  only  fulfills  the  requirement  of  a  panel  joint, 
but  also  the  requirements  of  avionics  environments. 

4.  MATERIAL  AND  ENVIRONMENTAL  ISSUES 

Previous  publications  by  the  authors  (Morgan,  et  al.,  1991;  Ehlers,  et  al., 
1991;  Ehlers,  et  al . ,  1990)  have  described  results  of  work  performed  on  the 
embedment  of  optical  fibers  in  graphite/epoxy  panels  and  the  subsequent 
vibration  testing  of  the  panels  during  simultaneous  optical  transmission. 

Since  future  avionic  circuit  boards  are  expected  to  utilize  optical  fibers 
and  metallic  conductors  with  devices  requiring  thermal  management  heat 
sinking,  enibedment  of  optical  fibers  in  metals  and  metal-matrix  composites 
(MMC)  is  also  being  investigated.  Successful  embedment  of  a  sapphire 
hollow  waveguide  in  aluminum  (without  material  damage  or  changing  the 
optical  transmission  properties)  was  reported  earlier  (Morgan,  et  al., 

1991)  (see  Figure  5.).  Baldini,  et  al.,  (1991)  reported  embedment  of  Ge- 
doped  optical  fiber  in  titanium  matrix  composites.  Lee,  et  al.,  (1991) 
reported  embedment  of  silica  fibers  in  aluminum  parts  and  structures. 

Work  is  currently  in  progress  to  evaluate  the  sapphire-aluminum  interface 
for  material  interactions,  formation  of  phases,  presence  of  voids,  etc. 
Figure  6  shows  a  cross-section  of  the  sapphire  hollow  waveguide  embedded  in 
aluminum.  Ongoing  work  in  this  effort  involves  the  embedment  and 
characterization  of  other  types  of  optical  fibers  (and  coatings)  in 
aluminum.  Solid  sapphire  optical  fibers  as  well  as  aluminum-coated  silica 
optical  fibers  have  been  acquired.  Potential  methods  of  embedding  optical 
fibers  in  MMC  are  being  investigated. 

5.  FUTURE  WORK 

Future  work  will  involve  designing  a  composite-embedded  data  bus  for  signal 
distribution  within  the  chassis/circuit  card  system.  This  design  will  be 
based  on  coupling  and  connector  losses  as  well  as  a  power  budget  for  the 
entire  system. 
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Active  and  adaptive  optical  components:  a  general  overview 
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ARSTRACT; 

Since  the  revolutionary  development  of  the  laser  in  the  late  1950’s,  the  optics  industry  has 
strived  to  achieve  optical  components  and  systems  with  near  diffraction  limited  performance. 
Optical  components  were  designed  and  manufactured  with  precision  tolerances  to  minimize  fixed 
distortions.  As  the  laser  device  improved  in  terms  of  power  and  beam  quality,  time-varying 
distortions  induced  by  laser  gain  medium  nonlinearities,  atmospheric  turbulence,  and  thermal 
blooming  impeded  system  performance.  A  new  generation  of  active  optical  components  and 
adaptive  techniques  were  realized  to  correct  the  time-varying  distortions  in  real  time. 

1.  IM  RODl'CTION: 

l.itton/Itek  Optical  Systems  (Tables  1  and  2)  has  built  adaptive  optical  components  for  use  in 
high  quality  optical  systems  for  two  decades  -  see  Ealey  (1989).  The  shearing  interferometer 
developed  in  197.7  remains  the  standard  for  wavefront  measurement.  The  monolithic 
piezoelectric  mirror  (MPM),  which  was  introduced  in  1974,  has  been  the  quality  product  against 
which  all  other  visible  wavelength  compensators  have  been  compared.  The  Real  Time 
.Atmospheric  Corrector  (RTAC)  system,  which  was  built  in  1974  using  a  monolithic  piezoelectric 
mirror  (Ml’M)  and  a  grating  based  shearing  interferometer  wavefront  sensor,  was  a  landmark 
demonstration  of  concept  feasibility  of  this  technology  (Hardy  1978).  The  stacked  actuator 
deformable  mirror  (.SADM),  first  delivered  in  1980,  set  new  performance  standards  for  infrared 
svstems.  In  1981  itek  began  the  development  of  a  new  concept  in  deformable  mirrors,  the  low 
voltage  electrodistortive  mirror  (LVF:M).  Itek  in  1984  began  the  development  of  cooled  silicon 
electrodisplacivc  mirror  (CSEM)  technology  to  serve  the  high  energy  laser  community  (Ealey 
and  Wnsheba  1990).  Itek  has  also  begun  developing  a  cost  efficient  cooled  mirror  technology 
compatible  with  moderate  tlux  levels  and  quantity  production.  The  PMN  SELECT 
eleciri'strietive  actuator  developed  in  1988  features  unsurpassed  resolution  and  accuracy  while 
operating  at  low  voltage.  The  SELECT  deformable  mirrors  delivered  in  1990  offer  enhanced 
reliability  and  performance  even  when  compared  with  those  first  landmark  components. 

2.  KLKCTROSTRICTIVE  ACTUATOR  TECHNOLOGY: 

Hie  PMN  Sl.LlX'T  actuators  made  by  l.itton  Itek  Optical  Systems  (see  Figure  1)  provide 
several  inherent  advantages  over  PZT  (l^ley  and  Davis  1990).  The  sensitivity  or  strain  is 
su[X'nor  to  (hat  of  the  best  piezoelectric  ceramics.  The  transfer  function  exhibits  low  hysteresis, 
typically  less  than  1  H  at  ro<im  temperature,  and  a  usable  linear  electrostrain  of  about  1000  ppm. 
riie  strain  is  a  linear  function  of  the  square  of  the  electric  polarization  implying  that  the 
displacement  is  proportional  to  the  square  of  the  number  of  active  layers.  With  recent  material 
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and  process  advances,  full  stroke  response  can  be 
achieved  with  as  little  as  100  volts  over  a  range  of 
stroke  increments.  PMN  being  a  relaxor 
ferroelectric  material  requires  no  poling  and 
exhibits  exceptional  positional  set-point  accuracy 
due  10  its  low  hysteresis.  A  very  high  elastic 
modulus  (17  X  10'^  PSI)  produces  a  high  stiffness 
device  capable  of  generating  large  deflection  forces. 
I'he  actuators  also  exhibit  negligible  thermal  growth 
due  to  a  small  coefficient  of  thermal  expansion  (1  x 
10''  ppm/‘'P)  coupled  with  very  low  power 
dissipation  (micro-watts). 

3.  DEFORMABLE  MIRROR  TECHNOLOGY: 


Fig.  1.  Elcctrostriclive  SELfX'T 
PMN  .Actuators 


The  PMN  actuators  were  used  to  develop  a  new  generation  of  low-voltage  electrodistortive 
deformable  mirror  (l.VEM).  The  LVEM  consists  of  a  glass  facesheet,  PMN  actuators,  a  glass 
base  reaction  structure,  printed  circuit  cards,  and  an  electronic  driver  system.  The  facesheet 
contains  actuator  attachment  pads  machined  directly  into  the  thin  glass  wafer.  The  PMN 
actuators  consist  of  80  active  ceramic  layers 


connected  mechanically  in  series  and  electrically  in 
parallel.  In  the  new'  generation  mirrors,  drive 
voltages  have  been  reduced  to  +1-  75  volts  taking 
advantage  of  the  latest  PMN  material  composition. 
The  base  structure  has  slots  machined  into  the  glass 
to  facilitate  integration  of  the  electronic  circuit 
cards.  The  actuators  arc  adhesive  bonded  onto  the 
base  and  the  actuator  addressing  electrodes  arc 
connected  to  the  card  to  make  the  all  important 


electrical  connection.  The  facesheet  is  bonded  onto 


the  actuator  array  and  is  then  polished  to  an  optical 
figure  of  X/2()  p-p  at  a  wavelength  of  0.6328 

microns  and  an  optical  finish  of  better  than  7  A  Fig.  2.  Low  Voltage 
RMS.  The  electronic  driver  system  consists  of  an  Deformable  Mirror  (LVEM) 


operational  amplifier  and  power  transistor  stage  to  source  voltage  to  the  capacitive  load.  The  241 
channel  mirror  shown  in  Figure  2  represents  a  build-to-print  design  which  features  4  microns 


of  displacement  with  resolution  of  better  than  one  hundredth  of  a  micron. 


In  1984  Itek  began  developing  high  performance  cooled  deformable  mirrors  (Figure  3)  to 
address  the  needs  of  new  generation  high  energy  laser  systems.  The  effectiveness  of  a  laser 
mirror  is  measured  bv  its  ability  to  redirect  incident  radiation  in  a  distortion  free  manner.  The 
mirrors  are  required  to  reflect  in  excess  of  99%  of  the  laser  radiation  while  surviving  the 
remaining  absorbed  load  as  heat  energy.  To  minimize  such  thermal  distortion  effects,  the  mirror 
must  be  necessarily  be  liquid  cooled  and  made  from  thermally  conductive  materials  such  as 
silicon.  All  cooled  deformable  mirror  structures  include  a  polished  mirror  faceplate,  an  actuator 
population,  a  faceplate  support  structure  in  situ  within  the  heat  exchanger,  and  a  stiff  base 
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structure.  The  cooling  is  done  by  circulating  a 
liquid  such  as  water  in  a  compact  heat  exchanger 
directly  beneath  the  surface  faceplate.  Simply  put, 
a  liquid  such  as  water  is  flowed  between  two  very 
thin  plates  which  are  supported  by  a  ribbed  channel 
or  pin-post  type  structure.  The  liquid  coolant  is 
used  to  "scrub”  the  heat  away  from  the  mirror 
surface  and  effect  mirror  cooling.  Typically,  cooled 
mirrors  contain  a  20  cm  cooled  aperture  with 
approximately  250  actuators  arranged  in  a  square 
zonal  array.  Displacement  and  dynamic 
performance  of  the  cooled  mirrors  is  similar  to 
those  measured  for  uncooled  components. 

4.  VVAVKFRONT  SKNSOR  TECHNOLOGY: 


Fig.  3.  Cooled  Silicon 
Deformable  Mirror  (CSEM) 


Developed  originally  at  Itek  in  1973,  the  grating  lateral  shear  interferometer  used  a  double 
t  requency  grating  to  produce  the  two  sets  of  orthogonal  gradients.  The  shearing  interferometer 
as  the  name  indicates  is  an  interference  based 
tiesice.  A  diffractive  element  is  used  to  produce 
multiple  images  or  replicas  of  the  reference  at  the 
image  plane  (Horwitz  1990).  The  image  pupil  is 
then  imaged  onto  the  detector  array.  Tilt  can  be 
determined  by  measuring  the  relative  intensity 
variations  in  each  of  the  detector  subapertures.  A 
modification  in  1974  adapted  the  two  frequency 
grating  interferometer  to  be  u.sed  with  a  white  light 
reference  source.  In  1975  the  AC  lateral  shear 
interferometer  shown  in  Figure  4  was  developed 
w  hich  basically  combined  the  Ronchi  knife  edge  test 
with  the  shearing  interferometer.  A  rotating  radial 
grating  was  used  to  temporally  modulate  the  optical 
beam  and  take  advantage  of  heterodyne  detection 


Fig.  4.  Shearing  Interferometer 
Wavefront  Sensor 


schemes.  Optical  calibration  requirements  were  virtually  eliminated  since  the  same  grating  was 
used  to  shear  all  the  subapcrturcs.  Sensitivity  to  detector  calibration  is  also  eliminated  since  the 
wavefront  gradient  is  proportional  to  the  relative  electrical  phase. 


5.  REFERENCES 


l,alcv  M  A  1989  Proc.  SPIT  1167  48 

Ealev  M  A  and  Washeba  J  F  1990  Opt.  Engr.  29  1191 

F.alev  M  A  and  Davis  P  1990  Opt.  Engr.  29  1 1 

Hardy  J  \V  1978  Proc  IEEE  66  651 

Thorburn  W’  G  and  Kaplan  I.  1991  Proc.  SPIE  1543 

Horwitz  B  A  1990  Opt.  Engr.  29  1223 


r\Ki>  1 

lllk  \n\\  l  nr\lhM>  IN  l)MOK\!\lil  K  MIkKOK  IK  HN<)r<»(.\ 


r 


784 


Active  Mittcriiih  and  Adaptive  Stnictiirev 


W  O 

n  Q 

<  t-  < 

o:  ^ 

<•?<-!< 
o.  _j  a.  -J  o. 
cc  oc 

c  < 


< 


< 


U  l1  < 
<  "2  ?  => 


a*  — ^  ^  Cl  ^  ^  _£2  ^  ^  ^  ^ 

aCi_a^«L>oc^L_~-^S 

aSQ<Ci:?QH5l:o-5<:^S<“<< 


~  —  X  r-  £ 


“r:z^S:<>2:>>>>>i«>>>></’uiuj 


r*  £•  /i  CO  ^  £ 

?  i  Z  _  !  5  -H  5  -  -g  ^ 

s'-*  »ZU. 


•j  b  Ui  C 

5-  L  T  I 

■“  LU  ^ 
^  i'  V 


5 

-S  <Q 

5  X 
c  5 

^  d 

c  CO 

0  -s 


V  -J  *J  a,  y 


X  ^ 

=  55uj- 

H  h-  H  H 


S  c  2  c  £  _  <  : 

i  V  03  V  2  j 

=  3  3  w  =  O' 

-I  -£  5?  ^  < 


=  =  ._,  a  “  _  Q 

■jsfi  sSsJs  “S 

F  ^  =  c  3  "u  ^ 


^  r  Q  S  j: 


O  UJ  LU 

_  -  -  -  -  LL  U- 

^  f  Q  0  I  Q  -2  3 

V  o  ^  3  3  c  ffl  » 

i  ^ 


C  t  ^  c. 

*  ^  §  ■“  £ 

^  ^  s  ^  5(  c 

•»  ”  i  •«  J  ^ 

I  g  ?  1  “  e 

;  E  "  3 


-  r.  X  .' 


'.  ir-.  J. 


Ja  ^  Z*.  <  u.  (J  'O  &  ^  ^  . 


r=  n 

irt  1/5  < 


ic  *  3C  *  a-  > 
^  ^ 


7? 


H 

5 

;»r 


y. 

= 

—  5  i— 

“  >  < 

<< 


<  <  <  < 

<  ^  S  ^  8 
0.0.^ 

53t|5^3tfc I 

QQ5“:j<q5S52 


.  9  § 

I  o  2  * 


-o  ^  oc 


i- 


o  'C 

»r  "" 


M  s  ce  «s  '.a  fiC 

t  t  t  fc  «  * 

<  <  <  <  “  g 

H  H  H  V  ^  5 

S  S  S  jC  ri  5 

CU  Ou  0.  » 


•r  « 


§  I 
0  o 


*  -  5  ¥  uj  c 


^  ^  5  U  5  _  5 


O  < 
z 


•f  -J 


-  5( 

7  J 

3^  u. 

Ml 

i'  »*  3 
D  UJ  H 


U  £ 


I? 

w  ^ 
ek  (A 


E  I 
U  i 


E  ' 

5  ‘C 


>-  S  S 


E  2 

0  I 

o 


i  K 


M  UJ 
c 

c  TT 


6  £ 
h-  ^ 

S  - 

cS  0 


n 

<  < 


I  ^ 
5 
JS 


JS  ? 


5  0 


2  *  >  > 


S  .S  := 


^  M  O  'C  «*, 

I"  ae  ac  *  * 

^  ^  ^  o 


^  ^  ^  Qk.  ^  ^ 


E  C  ?  S 


oe  ec 
O'  O' 


987-1^89  Wideband  Wavcfrtml  Scn!M»r  Thermal  BIcMiming  Expeiimcnls  Si  Diodes  241  MIT-LL 


I‘(.tpcr  pnscnU'J  at  the  AI)I‘A  A/A  A  ASM//  S/‘///  Cun/  on 
Active  Materials  itnd  Ai/tiptt\c  Structun  s  Session  4/ 


7.SS 


Neural  network  applications  in  structural  dynamics 


M.  E.  Rcgf'lhnigp'  iuid  R.  C'alalo 

Slructur#'?'  Lahoratory 
l.orkhootl  Palf)  Alfo  Ht'st'ardi  I.ahoratoru's 
Palo  Alto.  (W  9-1:101 


Abstract.  Neural  network  arefuierl  tires  aii<l  algoritliiiis  are  <liseu?vse<l  m  appliraf  ion  to  the 
ident ifieat ion  anti  c  la.ssifi<  at  ittn  of  stnicfural  tlynamit  s.  '1‘lie  insiHni-learnin^.  Probabilistic  Neural 
Network  |  la  rati  i  gin  is  st  iitlietl  in  examples  illiist  rat  ing  tlynamics  it  lent  i  float  i  )n  in  bot  h  l  iine^tit)rnain 
anti  fretpiency  tloinain.  The  network  is  shown  to  provitle  gotul  itlenl  ificat  ions  of  rorn|)licat  eil 
signals  charactensi  io  of  struotural  tlynainio  mt>tions. 


1.  Introduction 

Elfcetive  iitili/dtidii  of  active  materials  in  adaptive  structures  de])eiids  on  the  pr<>))er 
synthesis  of  structural  couKguiiitions.  sensors,  actuators  and  th<'  iiK'ans  to  din-ct  these 
elements  in  harmony  to  achi<'ve  (h'sired  )>erf()rmance.  Activi’  materials  ]>romise  a 
structure-integrated  capability  for  larg<'-scale.  distributed  sensing  and  actuation.  Kine¬ 
matically  desigiK’d  structures  offer  the  necessary  freeclom  to  r<‘configure  and  adapt  load 
jiaths  to  changing  conditions.  Distributed  and  ptiralh'l-proce.ssing  networks  offer  the 
needed  capability  to  direct  appropriate  actuation  and  adaptation  in  response  to  ('x- 
ternal  stimuli  and  changing  conditions.  One’  promising  architecture  for  large-scale, 
distributed  inocessing  that  apijears  idc-al  for  adaptation  is  thi'  neural  network. 

■As  in  biological  systems,  artificial  neural  networks  offer  the  means  to  (piickly  rec¬ 
ognize  a  diversity  of  complicated  patterns  evident  in  external  stimuli.  Present  neural 
network  models  attribute  this  cajiability  to  distributed  storage  of  pattern  information 
among  a  large  numtx  r  of  highly  intercoiuH’cti'd  yet  simple  eh’inents.  The  network  ele¬ 
ments  and  interconnections  typically  have  a  limiteil  number  of  parameters  and  weights 
that  are  adjusteil  through  a  learning  process  to  yield  n-peatably  correct  classifications 
of  input  patterns.  The  highly  parallel  topology  of  the  network  admits  fast  res])onse  to 
a  stimulus,  while  the  distributi'd  reirresentation  of  learned  pattern  data  has  been  shown 
in  many  ca.ses  to  enable  correct  classification  of  in])ut  datasets  whose  contr'nts  are  noisy 
or  imprecisi’.  These  two  properties  have  raised  significant  interest  in  apiilications  of 
artificial  neural  networks  to  real-time  recognition,  classification  and  identification  of 
real-world  operational  iiatti’ins  of  comi>licafed  systems. 

This  paper  explores  issues  that  arise  in  airplying  artificial  neural  networks  to  the 
iflentification  of  dynamic  characteristics  of  structures.  Important  aspects  trf  network 
integration  with  a  dynamic  stria  ture  are  ex])lored.  Of  particular  interest  are  the  syn¬ 
thesis  of  network  input  patterns  appropriate  to  identify  structural  motions,  anti  th<'  se- 
lection  of  network  schemes  which  preserve  a  robust  autonomy  in  operation.  .Autonomy 
is  critical  for  the  [iractical  use  of  neural  networks  to  monitor  dynamic  characteristics 
of  structures  beyond  immediate  human  acce.ssibility.  e.g.  structures  deployetl  in  space. 
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Flirt hcriuon'.  ftist-li'iirniiif!;,  nutoiioinoiis  m-t\vorks  may  h<'  ('niployod  to  identify  or  f’s- 
timati'  the  dyiiiunic  (ditirtictcnstics  of  ovolviiis  strurtiiros  (i.f.  those  witli  time- varying 
roufiguriitioiis  or  parameters). 

The  issue  of  autonomy  in  neural-network  learning  and  operation  hinges  on  the  relia- 
hility  ol  the  learning  tilgorithm  to  produce  acenratt'  identifications  of  oh.served  patterns, 
wh('r<'  identification  can  he  viewed  as  the  I'xpression  of  stimuli  in  ti'rins  of  a  limited  set 
of  useful  (out])ut  )  partnneters.  In.'icciirtite  identifications  can  result  in  two  ways: 

li  the  letirning  algoritlim  can  fail  to  adjust  network  partnneters  appropriately  to 
identify  ti  ftnnilitir  stimulus,  or 

2)  the  network  nuiy  he  fai-ed  with  ti  stimulus  sufficiently  fon'ign  as  to  preclude  iden- 
tifictitiou  with  tint'  coufidenci'. 

In  the  fiist  instiuice.  the  learning  tdgorithm  is  not  ctipahle  of  i-onfiguring  the  lu'twork 
to  respond  to  the  ohserved  system.  In  the  second  instance,  th<'  learning  algorithm  is 
not  aide  to  deti'iinine  wlietln'r  or  not  a  stimulus  is  represented  within  the  domain  of 
the  (d)served  systiun.  Xaturtilly.  some  prtictical  hounds  exist  on  the  degrei'  to  which 
any  network,  however  sophisticatetl.  <'an  confidi-iitly  identify  unfamiliar  stimuli.  .Au¬ 
tonomous  li'arning  rc<|uires  the  network  to  he  ahle  to  ilifh'reutiate  hetwo-en  stimuli 
falling  on  either  side  ot  these  hounds.  Oni'  shoiihl  note  the  compk'xity  of  such  differ¬ 
entiation  depends  to  ;i  huge  degree  on  the  constitution  of  the  stimulus.  For  simple 
networks,  stimuli  should  lie  simply  constitut<-d  to  avoid  nmhiguous  or  jiathological 
identificiitions. 


2.  Neural  Network  Architectures 

Severtd  network  architectures  have  heen  jirojio.seil  for  application  to  dymunics  and 
sigiKil  ident itii'a t ion  tasks,  .Among  these  are  percejitrons  and  other  hack-jiropagation 
I  BP)  networks  usi-il  hy  Xarendr;i  and  Parthas;ir;ithy  (1990)  and  Cahell  and  Fulh'r 
(  1991  I.  Hopfield  iH'tworks  explored  hy  T;mk  and  Hoiifield  (  19SG)  and  Chu  rt  a.l.  (1990). 
Bayesian  prohtihility  networks  di-velop<‘d  hy  .Malkoff  (1990)  and  Speeht  (1990)  and 
\\  idrow's  ilOSol  .Adeline  networks.  M;my  of  these  ni’tworks  have  hei-n  applied  to 
identiHctition  strategies  resulting  in  tidaiitive  active  eontrol. 

Of  these  tyiies  of  networks,  perceptron.  BP  and  .Adt'line  networks  learn  hy  itera¬ 
tion.  The  topologies  of  the  iteration  networks  are  fixed  initially  and  network-element 
interconnection  weights  are  adjusted  hy  a  suitahh'  learnin,g  algorithm  to  yield  desired 
input  iiut[)ut  hehavioi  of  the  network.  Thi-  learning  algorithms  are  usually  hast'd  on 
giadient  descent  methods  such  as  steepest  descent,  conjugate  gradient  or.  in  certain 
special  case^,  Newton  methods. 

1.  nfortuinite  aspects  of  iterative  learning  schemes  are  that  they  may  converge  slowly 
;md.  during  the  process  of  convergence,  they  may  jinxluce  incorrect  identifications  of 
jireviously  li'arned  input  jiatterns.  Furthermore,  when  eonvi'rged.  these  networks  will 
tdways  yield  identifications  in  terms  of  the  learned  pattern  set.  i.e.  they  hav*'  no  rapac¬ 
ity  to  recognize  when  stimuli  fall  outside  the  domain  of  their  experience.  This  places  a 
premium  on  tidjustiiig  network  jiarameters  over  the  entire  expected  domain  of  system 
l>eiforniaiice.  It  also  reduces  the  degri-e  of  autonomy  in  network  learning  and  ])re- 
cludes  adaptahility  to  unforeseen  evolutions  of  the  system  without  explicit  redirection 
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to  iindciffo  additional  It'aniing  cycles.  Finally,  the  estahlishinent  of  robust  network 
convergeni-e  criteriii  is  absolutely  critic:>l  to  determine  when  the  network  becomes  use¬ 
ful  as  an  ;iccur;ite  identifier.  This  task  is  consitlerably  complicated  by  uncertainties  in 
systi'in  clia  fact  eristics. 

Hopfi<'ld  networks  are  amilog  networks  whose  response  to  an  initial  stimulus  con¬ 
verges  to  a  sttible.  steady-state  valtu-  which  minimizes  the  energy  state  of  the  network. 
For  till'  network  to  ])rovide  physically  meaningful  outituts.  an  ent'rgy  functional  must 
be  synthesizi'd  m  tt'rnis  of  the  output  (imintities,  and  the  network  topology  configured 
to  mimic  tlu'  synthesis  of  the  functional. 

Probabilistic  .Neural  Networks 

Btiyesitm.  or  probabilistic  neurtd  networks  (PNX).  as  descrilx'd  by  S])erht  (1990). 
allevitite  thi'  difficulties  associated  with  fixed  network  topologies  and  it('rative  learning 
.algorithms  by  instantly  h’arning  chtssifictitions  base(l  entindy  on  obst'rvations.  Con¬ 
trary  to  networks  with  fixt'tl  top<ilogies  th;it  learn  over  time.  PXNs  learn  instantly  by 
increasing  tin'  number  of  neurons  iti  the  network.  This  is  done  by  allocating  a  discrete 
ueur.il  eh'iuent  for  e;ich  observed  input  i);ittern. 

.•\s  illustrated  in  Figure  1.  the  P.XX  comprises  three  layers: 

1  )  The  input  laiitr  preproct-s.ses  sen.sory  ini>nts  distributes  tht'in  to  ('ach  element  of 
the  inittern  layi'r 

2)  Th('  piilti  rn  huirr  coniitares  th<'  inimt  |)attern  to  known  ]>;itterns.  Each  element 
in  the  pattern  hiycr  (called  a  palfi  ni  ncK.roii)  contains  ;i  particular  patti'rn  vi'c- 
tor  from  the  network's  experieric<'  ( ctilh'd  an  i  j-cmpliiT ).  Each  neurtjn  compares 
the  input  with  its  own  exemplar.  ;md  outputs  its  own  value  of  a  local  Gaussian 
probability  density  function  centered  about  its  ext'initlar.  The  output  of  ther  i'*' 
neuran  is  given  by 


exp 


l|x  -  X,|| 

2'7‘^ 


where  X,  is  the  ptittern  neuron's  exemplar,  and  <r  is  a  distribution  scaling  parameter. 
The  vtdue  />,  is  a  measure  of  how  much  alike  the  inptit  pattern  and  the  neuron's 
exemplar  are. 

.9 i  The  output  layer  sums  the  contributions  of  the  pattern  neurons  to  dett'rmine  the 
category  to  which  the  input  belongs.  Xote  that  the  categorization  ran  be  over 
mtmy  categories,  not  just  the  two  implied  by  the  hard  limitt'r  .shown  in  Figure 
1.  The  output  Liver  also  autonnitically  comimtes  the  probability  that  the  input 
pattern  belongs  to  the  same  category  as  the  summed  pattern-neuron  exemplars. 
This  is  given  by  P{  \  £  ,-l )  for  all  exemplars  belonging  to  cnti'gory  A. 


1  ^ 

7’(xf.4)=  — y  p,ix)  (Vx,  e  .-1) 

t—  1 

If  the  input  is  not  well  characterized  by  the  known  exemplars  ( i.e.  P(  x  €  -4 )  <  <  1 ) 
the  network  learns  the  new  input  by  allocating  a  new  pattern  neuron  with  the  present, 
unrecognized  input  as  its  exemplar.  Thus,  the  next  time  an  input  pattern  like  the 
present  one  is  presented  to  the  network,  the  network  will  have  learned  to  recognize  and 
I'ategorize  it . 
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Figure  1. 
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rii(’  1C  N<Miral  Network  .\r<lMf  <'<t  uii* 


A  related  network  to  the  P.\.\'  is  tli<-  Gaussian  I^)tential  F'unction  Network  (GPFN) 
described  l)y  Lee  and  Kil  I  1991  ).  The  GPFN  <'ontains  additional  pariiineters  wliich  arc' 
adjusted  by  back  projcagation.  The  GPFN  is  inoclc’led  by 


/.,  =  exp 

h,, 


y(x)  =  Cp(x) 


x,i^S(x  -  X,) 


wliere  y  is  the  output  of  the  GPFN. 

The  GPFN  does  not  learn  instantly,  but  it  offers  a  inechanisni  for  adjustinent  with¬ 
out  the  necessity  to  expand  the  number  of  pattc-rn  neurons.  The  PNN  is  a  spc'ciali/a- 
tion  of  the  GPFN  found  by  sc-tting;  a,  =  rtj  ~  rr.  h,j  =  d,j  {t',j  =  1  if  c  =  /.  =  0 

otherwise!,  and  C  is  estalilishc’d  from  the'  input  pattern  categorization. 

The  GPFN  offers  a  practical  a  tracleoff  bet  ween  network  order  and  Ic'arning;  time  for 
a  re<iuiic'd  accuracy. 


3.  Application  to  Structural  Identification 

The  PNN  c.r  GPF.N  architectures  may  be  employed  to  identify  structural  dynamic 
motions  in  several  ways.  .Among  thc-se  are  schc'uies  to  identify  the  natural  fre-ejuen 
cies  and  inodeshapes  of  the’  structural  system  (so-called  (.Kjeji.iirur.iure  identification, 
and  scheme’s  those’  that  ide’ntify  maiepings  bet.we’e’ii  local  histories  of  observe’d  motions 
and  the  motions  which  follow  them  (the  "future"  motions).  This  latter  scheme’  ielen- 
tifie’s  a  parametric  analog  of  the’  state  transition  matrix,  and  is  called  phr.nomrnolofjt- 
rnl  ide’iitification  becaeise’  ide’ntification  is  made’  exchisively  by  recording  the  observe’d 
input  emtput  pairs. 
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The  PXN  \v;is  used  to  identity  the  eiei-nst rnet me  of  a  simple  stmctuial  model  hy 
pieseutmt!,  the  network  with  mpnt  [)atr<Tns  eonsistin^  of  ;i  spatial  <listiihiitioi!  of  the 
treijueney  responsi'  at  frispteneies  l■orl■es])ondnl‘;;  to  peaks  in  tlw  response  ^.pectrnm. 
1  he  spatiid  disti  ihnt  ions  wei<'  presented  as  ve<'tors  nonnalize<i  sueh  that  their  length 
was  imide  (‘(pial  to  the  cirenLar  freqiK'iiey  at  which  they  wane  iiietisiired.  Tints,  the 
rX.\  was  ahle  to  construct  a  s])ati;il-fre<piency  mai)  of  motions  in  the  structure. 

Figure  2  shows  the  spectrum  identified  hy  the  PXX  eigenstnu'tuxa'  ident ificti t ion 
tilgorithm  lor  thiee  of  the  menihi-rs  in  th<‘  structure.  The  numi)ers  adjacent  tti  the 
peaks  in  the  spectrum  indi<’iite  the  aggregat<  prohal)iliti<-s  tlnit  the  e.xact  mocleshape 
corresponding  to  tin'  peak  is  emhodied  in  the  network's  e.\-<'mplars. 


AiiipliiU'lo 


{  lOjlHMh.')  (H/  ) 


nt'.MuK’f  1 
iiiflubcr  «3 
iiicinl>c.f  f/d 


Figure  2.  l’\N  Mtxhil  itirai  ion  iVoin  I  r*  (pHTir\  l?r-.pnii>o 


Both  the  PXX  and  GPFX  were  also  applied  to  the  jihi'iiometioh  gical  identification 
of  signals  fiom  an  oscillatory  system.  In  tins  aoplu'tition.  the  networks  were  jiresi-ntf'd 
with  injiut  pjitterns  consisting  of  motion  tmiphtmles  at  tin*'*'  jnevious  s:nni>ling  in 
stants.  and  taught  to  classify  these  patterns  in  ti’iins  of  the  ol)serv('<l  response  a:  the 
iK'xt  sanii>ling  interval.  Thus  when  l  ne  network  is  presented  with  a  learned  motion 
history,  it  predicts  the  motion  tnost  likely  to  occur  snhseqnently. 

Results  of  the  PX.X  and  GPFX  [ihenotnenological  identifications  are  shown  in  Figure 
3.  which  illustrates  ohserved  anil  lueilicted  motion  histories  for  the  two  networks.  Each 
network  wax  alloi  ated  a  nuixiinnni  of  200  jiattern  nemons  ;m<l  the  GPFX  netwoi  k  was 
further  allowed  some  10.000  sample-iterations  to  converge  to  a  predictive  ai'curacy  of 
0.  lO'  T  .As  the  figures  show,  a  better  [iredictive  aci-nracy  is  ohttdned  hy  the  GPFX 
network  albeit  at  a  lli'di  '  ost  in  iteration. 
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Figure  3.  I<i»  «iiiri<-aii«>ti'  rr«)m  I’NN  ( )  aiul  (ilM'N  (righl  i  srlionios. 

4.  Conclusion 

Pinhiihili-tii'  iK'ural  network  s<-h<’nies  have  Keen  (l('iiu)iistrat<'(l  for  itleiitifiratioii  of  nio- 
fioiis  typical  of  stnn'tural  ilyiiaiuic  systenc.  These  srht’iut's  n'tjuire  proper  synthesis 
of  input  (lata  if  they  art'  to  mtike  effV'ctive  use  of  th<'  neural  network’s  pattern  reeoj^- 
nition  properties.  For  example.  ;i  central  issi|<'  in  the  ;ip])lic;ttion  of  sneli  ijetworks 
IS  the  inherent  tradeoff  lietwet'n  how  accunit(  ly  th<w  must  identify  ohs('rvations  and 
how  fast  they  must  n’sjiond  to  cliansins  ch;u:icteristics.  Tiiis  issue  was  illustrated  hy 
the  differences  in  accuracy  ;ind  speetl  ohserveil  hetween  P.\.\  (instant  k'aniing)  and 
GPF'.V  (iterativi'  learninu:)  identifiers.  These  characteristics  and  requirenifnits  ni'i'd  to 
l)e  develop(’'l  for  ap[)lications  on  a  systein-specific  iiasis. 

F’imilly.  one  should  note  tluit  networks  of  the  typt  discussi'd  ran  be  applied  to 
iilentify  information  loc.-illy  within  ;i  larire  structure  irres|)ective  of  ttloita]  variations  of 
i('s|)onse.  Such  a  scenario  nniy  he  especitilly  Useful  to  monitor  inti'^rity  and  pinpoint 
dainaile  loctitions  in  very  laree  structures. 
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l.ow  level  damping  and  hysteresis  of  damped  structure 


W  Tse  and  D  Wenier 
Lockheed  Missiles  and  Space  Co. 

ABSTRACT;  Active  control  of  precision  structure  requires  some  damping  for  stability  and 
low  hysteresis  for  accuraie  positioning.  Damping  linearity  of  a  built-up  structure  with  and 
without  constrained  layer  damping  has  been  investigated  down  to  sub-micron  level. 
Hysteresis  due  to  loading  and  unloading  was  measured.  The  measured  damping  shows  little 
variation  with  vibration  levels.  The  micro  hysteresis  time  history  indicates  relaxation  time  is 
required  for  the  structure  to  recover  after  unloading,  and  residual  hysteresis  does  remain. 
The  difficulty  in  measurement  of  damping  and  hysteresis  at  low  levels  is  also  addressed. 


1.  INTRODUCTION 

The  use  of  built-up  precision  structure  in  spacecraft  results  in  low  damping.  To  improve  the 
perfonnance  and  control  of  these  systems,  damping  must  be  designed  into  the  structure.  There 
are  concerns  that  the  damping  may  decrease  with  the  vibration  level,  thus  the  prediction  or  large 
amplitude  test  results  may  not  be  applicable  to  sub-micron  vibration.  Another  concern  for 
built-up  structure  with  adhesive  and  epoxy  is  the  micro-hysteresis  that  may  exist  after  loading 
is  removed.  Precision  pointing  and  positioning  is  more  difficult  to  achieve  if  the  structure  does 
not  return  to  the  previous  location  after  actuation.  An  aluminum  honeycomb  bonded  cantilever 
structure  4  feet  long  was  used  to  investigate  low  level  damping  and  hysteresis  concerns. 
Frequency  and  damping  of  the  structure  is  measured  before  and  after  application  of  a 
constrained  layer  vi.sco-elastic  damping  material.  The  displacement  time  history  was  monitored 
with  displacement  sensors  during  loading  and  after  unloading  to  measure  the  residual 
hysteresis. 

2.  LOW  lf:vel  measurement 

Damping  and  hysteresis  measurement  for  sub-micron  displacement  is  a  very  challenging  task. 
Response  from  ground  and  acoustic  excitation  can  contaminate  the  measured  data.  TThe  lower 
bound  of  the  level  is  determined  by  sen.sors  and  force  gauge  resolution.  The  cantilever 
structure  utilized  has  a  fundamental  frequency  around  40  hz.  For  nano  meter  displacement  at 
this  frequency,  accelerometers  must  have  a  sensitivity  below  I  micro-g.  For  vibration  damping 
measurements,  accelerometers  from  Wilcoxon  Research  with  0.2  micro-g  sensitivity  were 
used.  Acceleration  measurements  of  the  floor  indicated  a  10  micro-g  ba.se  input  was  possible. 
Ground  vibration  can  cause  amplified  respon.se  of  the  t  .  st  structure  and  limit  the  magnitude  of 
low  level  measurement.  The  response  to  floor  motion  was  attenuated  by  mounting  the  test 
structure  on  an  optical  bench  supported  by  1  ..“i  hz  air  bag  isolators. 

Acoustic  noise  can  induce  sub-micron  level  vibration,  e.specially  on  the  bare  structure  with  low 
damping.  The  noise  producers  can  come  from  various  sources  such  as  fans,  air  conditioning, 
tnachinery,  lights,  wall  motion,  and  air  currents.  Preforming  the  test  in  a  vacuum  chamber  can 
solve  this  problem,  but  it  is  costly  in  terms  of  time  and  facilities  use.  Attenuation  shielding 
around  the  test  structure  is  not  effective  at  the  lower  frequency  range.  Enclosures  with  wall 
densities  over  5  lb.  per  square  feet  would  be  required  to  provide  a  10  db  reduction.  A  method 
called  random  decrement  technique  as  suggested  by  Cole  (1973)  and  further  explained  by  Yang 
et  al  (1990)  is  used  for  the  low  level  damping  measurement.  Random  vibration  inputs  to  the 
structure  intrixiuced  by  the  acoustic  noise  creates  random  respon.se  at  the  accelerometers.  The 
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acceleration  time  history  is  recorded  and  filtered  to  the  desired  resonance  frequency.  When¬ 
ever  the  data  point  crosses  a  certain  threshold,  a  fixed  length  data  segment  after  that  point  is 
shifted  and  summed.  By  summing  and  averaging  many  data  segments,  the  random  noise  is 
smoothed.  Figure  1  shows  the  initial  random  measurement  and  figure  2  shows  the  processed 
response  for  the  structure  without  added  damping.  A  clean  decaying  sinosoidal  curve  at  the 
resonance  frequency  remains  after  the  proce.ssing.  TTie  log  decrement  method  can  then  be  used 
to  compute  the  percent  critical  damping. 


Fig.  1.  Actual  signal  Fig.  2.  After  processed 

Hysteresis  tests  require  direct  displacement  measurement.  The  Kaman  5100  differential  sensor 
uses  impedance  variation  caused  by  eddy  currents  induced  in  a  conductive  target  located  within 
range  of  the  sensor.  Two  sensors  tu'e  placed  on  opposite  sides  of  the  target  plate,  and  motion 
of  the  plate  caused  impedance  imbalance.  This  results  in  low  noise  and  nano-meter  accuracy 
for  the  static  condition,  and  is  used  for  the  hysteresis  measurement.  The  thermal  drift  of  the 
sen.sor  and  the  aluminum  structure  is  a  concern.  Air  currents  can  change  the  temperature  of  the 
structure,  causing  thermal  gradients  and  bending.  Temperature  differences  of  0.0015°F 
between  the  top  and  bottom  plate  can  cause  100  nano-meter  tip  displacement.  For  the  test,  a 
foam  enclosure  was  built  to  surround  the  test  structure,  sensors,  and  power  amplifier.  The 
power  was  turned  on  and  the  temperature  was  stabilized  for  24  hours  until  the  displacement 
time  history  from  the  sensor  showed  little  drift.  Since  each  hysteresis  measurement  requires 
less  than  20  seconds,  the  error  introduced  from  structural  thermal  distortion  was  deduced  to  be 
small. 

.1.  DAMPING  TEST  RESULTS 

The  cantilever  built-up  structure  has  bending  mode  around  40  hz.  and  torsion  mode  about  70 
hz.  Figure  3  and  figure  4  illustrate  the  mode  shapes  of  the  test  structure  for  the  2  modes.  The 
shorter  edge  of  the  pie  shape  structure  is  the  anchoring  edge  of  the  cantilever.  For  large 
amplitude  damping  measurements,  a  shaker  was  used  to  excite  the  structure  at  the  free  edge. 
Narrow  band  sine  sweeps  were  used  to  induce  vibration.  For  lower  amplitude  excitation, 
shaker  was  attached  to  the  anchoring  block  to  move  the  whole  table  and  introduced  base  motion 
to  the  cantilever.  This  allows  larger  force  inputs  to  stay  within  the  sensitivity  range  of  the  force 
gauge.  The  transfer  function  between  the  accelerometer  and  force  gauge  was  used  for  circle  fit 
to  obtain  the  damping  and  frequency.  Figure  5  shows  the  damping  vs.  vibration  amplitude  for 
the  structure  without  added  damping.  The  amplitude  range  varies  from  over  0. 1  milli-meter  to 
lower  than  1  nano-meter.  The  damping  varied  from  0. 1 15%  to  0. 134%  for  the  bending  mode, 
and  varies  from  0.068%  to  0.077%  for  the  torsion  mode.  Though  the  damping  seems  to 
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decrease  slightly  with  decreasing  amplitude  for  the  bending  mode  and  increase  slightly  for  the 
torsion  mode,  the  variation  is  not  large  enough  to  define  a  trend.  The  damping  around  1  nano¬ 
meter  acquired  using  the  random  decrement  method  has  good  agreement  with  that  acquired 
with  the  shaker  method. 


Bendine  mode 


Torsion  mode 


For  the  damped  structure,  modal  strain  energy  methods  that  have  been  used  by  Johnson  et  al 
(1981)  were  used  to  predict  the  damping.  Prediction  of  the  frequencies  and  damping 
correlated  very  well  with  the  test  results.  Figure  6  shows  the  damping  vs.  vibration  amplitude 
for  the  damped  structure.  The  damping  obtained  with  the  random  decrement  method  at 
amplitudes  around  1  nano-meter  is  much  lower  than  the  damping  obtained  from  the  shaker 
methtxi.  The  damping  obtained  using  the  shaker  around  2  to  3  nano-meter  does  not  indicate 
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the  lower  magnitude.  Excluding  the  data  point  obtained  with  the  random  decrement  method, 
the  damping  does  not  seem  to  have  large  variation  with  amplitude  for  the  damped  structure. 


4.  HYSTERESIS  TEST  RESULTS 

Loading  was  applied  at  the  tip  of  the 
structure  to  produce  33  microns  of 
displacement.  Different  methods  of 
loading  were  performed,  including 
repeating  sequences  of  loading  with  up 
down  load  reversal,  load  and  hold  for 
2-3  seconds,  and  load  and  hold  for  20 
seconds.  Figure  7  shows  the 
hysteresis  time  history  of  a  20  seconds 
loading.  The  33  microns  of 
displacement  decays  down  to  40  nano¬ 
meters  in  about  5  seconds,  and 
continue  to  move  more  than  25 
seconds  later.  This  decay 
phenomenon  is  present  in  all  the 
hysteresis  measurement  performed  on 
both  the  damped  and  undamped 
structure. 


Fig.  7.  Hysteresis  time  history 


Table  1  shows  the  hysteresis  as  percentage  of  initial  displacement  at  5  seconds  and  25  seconds 
after  the  load  is  removed.  These  results  are  the  average  of  more  than  10  measurements.  For 
the  3  seconds  loading  of  the  undamped  structure,  some  cases  show  no  residual  hysteresis  after 
25  seconds.  For  all  the  other  loading  method,  and  for  the  damped  structure,  residual  hy.steresis 
does  remain.  The  longer  loading  time,  and  the  damped  structure  produced  larger  residual 
hysteresis.  The.se  micro  hysteresis  effects  must  be  considered  in  the  design  of  active  .structure 
that  requires  precise  positioning. 


Table  1.  Hysteresis  test  results 

Undamped  Damped 

%  of  initial  displacement 


5  sec. 

25  sec. 

5  sec. 

25  sec. 

Repeating  sequences 

.03 

.02 

.08 

.04 

3  .seconds  load 

.03 

.01 

.10 

.02 

20  seconds  load 

.15 

.11 

,27 

.09 
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Structural  control  sensors  for  the  CASES  GTE 


H.W.  Davis  '  and  A.P.  Biikley  - 


I  Ball  Electni-Optics/Cryogenics  Division  (BECD) 

-  NASA/Marshall  Space  Flight  Center  (MSEC) 

ABSTRACT;  CASES  (Contmls,  Astrophysics  and  Structures  Experiment  in  Space)  is  a 
proposed  Shuttle  experiment  to  collect  x-ray  images  of  the  galactic  center  and  stdar  disk 
with  unprecedented  resolution.  This  requires  precision  pointing  and  suppression  of 
vibrations  in  the  long  flexible  structure  that  compri.ses  the  32-m  x-ray  lele.scope  optical 
bench.  Two  separate  electro-optical  sensor  systems  are  provided  for  the  ground  test 
facility  (GTE).  T'ne  Boom  Mt'tion  Tracker  (BMT)  measures  eigenvector  data  for  post- 
mission  u.se  in  system  identification.  The  Tip  Displacement  Sensor  (TDS)  measures  boom 
tip  position  and  is  u.sed  as  feedback  for  the  clo.sed-ioop  control  system  that  stabilizes  the 
boom. 

I.  CASES  GTE  DEVELOPMENT 


The  Controls-Structures  Interaction  (CSI)  Advanced  Development  Eacilit}'  (ADE)  is  under 
development  a'  '  larshall  Space  Elight  Center  (MSEC)  for  the  purposes  of  supporting  ground 
testing  of  future  flight  experiments,  the  in . estigation  of  adr  anced  control  and  system 
identification  methodologies,  and  structural  dynamics  studies.  The  baseline  configuration  of 
the  facility  is  that  of  the  Controls.  Astrophysics,  and  Structures  Experiment  in  Space 
(CASES),  a  proposed  Shuttle-bicsed  flight  experiment  that  will  initiate  on-orbit  demonsUations 
of  CSI  technology.  The  experiment  will  provide  active  control  of  a  .32-m  extendible  boom 
structure,  using  gas  thrusters  at  the  tip  for  pointing  and  angular  momentum  exchange  devices 
( AMED)  for  active  damping  to  suppress  vibrations.  The  boom  mechanically  links  an  occulter 
plate  at  the  boom  tip  with  proportional  counters  located  at  the  base  to  comprise  an  x-ray 
telescope.  The  controller  goal  is  to  provide  accurate  alignment  of  these  devices  for  the 
purpose  of  x-ray  ob.servation  of  the  galactic  center  and  the  Sun.  Variations  on  this  proposed 
experiment  include  a  CASES  without  the  x-ray  devices  (Controls  And  Structures  Experiment 
in  Space)  or  a  free-flying  version  launched  either  by  the  Shuttle  or  an  expendable  booster. 

The  CASES  ground  test  facility  (GTE)  will  provide  an  environment  in  which  advanced  control 
laws,  system  identification  techniques,  failure  detection  and  compensation  schemes,  real-time 
flight  software,  and  experiment  data  handling  techniques  can  be  verified.  Prototypes  of 
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seiisdis,  actuators,  and  flight  computers  can  (x*  functionally  verified  in  the  lahoratory.  as  can 
actual  flight  hardware.  Boom  deployment  and  retraetion  dynamics,  which  will  require  active 
control,  can  also  he  investigated.  Rapid  recontlguration  capability  in  the  laboratory  will  allow 
various  flight  configurations  to  be  tested  and  verified,  thus  reducing  development  cost.  time, 
ami  risk. 

2.  FACILITY  DESCRIPTION 

The  C.ASES  GTF  is  located  in  the  Load  lest  Annex  high  bay  in  Building  4619  at  MSEC.  The 
test  article,  the  boom  from  the  Solar  Array  Flight  Experiment  (SAFE)  flown  in  I9S4.  is 
vertically  suspended  from  a  platfonn  at  the  62-m  level.  The  disturbance  system,  comprised  of 
two  electromagnetic  shakers,  a  tripod  floated  on  air  bearings,  and  an  annular  ring  support 
surface,  provides  two  translational  degrees  of  freedom.  A  simulated  .Mission  Peculiar 
Experiment  Support  Structure  (MPESS).  suspended  from  the  center  of  the  tripod  thnnigh  the 
annular  ring  support,  interfaces  the  disturbance  .system  with  the  test  article  to  simulate  ;i  flight 
experiment  interface  with  the  Shuttle.  MPESS.  and  the  payload  experiment.  Fhe  boom 
supports  a  simulated  occulting  plate  at  the  bootn  tip.  The  control  tibjeclive  of  the  llight 
experiment  is  to  maintain  alignment  of  the  tip  plate  with  the  detector  at  the  base  of  the  boom  on 
the  Shuttle  as  the  occulting  plate  is  pointed  towards  a  star  to  perform  an  x-ray  experiment. 
Similarly,  the  ground  experiment  will  strive  to  align  the  tip  plate  with  the  simulated  iletector  at 
the  .MPESS.  Control  authority  will  be 
provided  by  the  A.MEDs  for  vibration 
suppression  and  the  bi-directional  linear 
thrusters  at  the  tip.  Gravitational  effects  on  the 
experiment  will  be  processed  out.  Reference  I 
provides  a  detailed  description  of  the  C  ASE.S 
GTF. 

The  kev  sensor  systems  to  be  used  in  the  GTI- 
are  the  Boom  .Motion  Tracker  (BMT)  and  the 
Tip  Displacement  Sensor  (TDS)  under 
development  by  BECD  (Figure  1).  The  TDS 
will  be  used  in  closed-loop  controller 
experiments  as  the  feedback  element, 
providing  inb'rmation  on  the  precise  alignment 
of  the  tip  plate.  The  BMT  will  be  used  for  the 
identification  of  boom  mode  shapes.  Initially, 
the  BMT  data  will  be  processed  post-facto. 


i 

:  j 

t. 

I  F  L-  I.irTft-.  1  ^ 

Fig.  1. 
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F  uuire  upgrades  tn  the  tacility  will  provide  the  eapahility  to  use  RMT  data  real-time  in  closed- 
loop  control. 

.V  ROLF.  OF  THF  RA.MS  SENSOR 

I  he  Remote  .Attitude  Measurement  Sensor  (RA.MS)  was  designed  by  BFiCD  under  IR&D  to 
measure  dsnamic  behavior  of  large,  flexible  space  structures.  RAMS  procides  an  unobtrusive 
sensor  v\ith  update  rates,  accuracies,  and  target  capacities  which  exceed  present  tcchnologv. 
I'his  capability  is  needed  for  both  system  identification  and  control  feedback  applications  in 
space. 


In  the  ('.ASfiS  O  I  F',  the  B.M'I'  obser\es  and  records  dynamic  behavior  ot  the  flexible  bi  om 
structure.  Three  single-axis  sensors  are  mounted  at  the  base  of  the  cantilevered  boom  and 
each  monitors  the  translational  displacements  (within  its  sensitive  planei  foi-  .17  lellectiNC 
targets  distributed  along  the  length  ot  the  boom.  The  X  and  Y  sensors  are  oftsei  equidistant 
from  the  base  of  the  boom  and  oriented  such  that  their  sensitive  planes  are  orthogonal  to  each 
other.  The  third  (Z;  sensor  is  offset  further  from  the  boom  but  along  the  same  radial  line  as 
the  sensor,  I'he  increased  offset  distance  improves  sensitivity  to  7-axis  motion,  which  is 
calculated  b>  subtracting  the  effect  observed  by  the  X  sen,sor.  The  B.MT  illumitiates  and 
monitors  targets  at  ninges  up  to  .12  m  while  measuring  displacements  to  accuracies  of  i),2.s 
mm  for  the  x  and  y  axes.  The  Z.  sensor  is  less  sensitive  and  tneasures  displacements  to  an 
accuraev  of  b  mm.  Expected  target  motion  for  all  three  sensors  is  ±2.s  cm.  Fhe  B.Ml  updates 
the  position  ot  each  target  at  imi  Hz.  Displacement  data  is  output  to  the  C’A.SFS  control 
processor  in  the  form  of  BMT  pixel  number,  with  data  for  all  targets  multiplexed  in  digital 
format. 

I'he  I  DS  provides  position  feedback  for  the  closed-loop  control  system  that  maintains  tip 
position.  Two  single-axis  sensors  are  mounted  near  the  ba.se  of  the  cantilevered  boom  anil 
measure  2-axis  translational  displacements  for  the  tour  (4)  light-emitting  diode  (I.F.Dt  acti\e 
targets,  fhe  targets  are  arranged  in  a  tashion  that  ensures  no  overlap  ot  targets  in  either 
sensed  direction.  The  TDS  observes  the  four  targets  at  a  range  ot  ,12.7  m  and  measures 
displacements  to  an  accuracy  of  i).2  mm.  Update  rate  is  selectable  between  2rt  and  ,‘irti)  ID. 
Displ.icement  data  is  output  to  the  CA.SF.S  control  processor  in  the  torm  of  fD.S  pixel 
number,  vvith  data  for  each  target  assigned  to  a  dedicated  line  and  in  analog  formal.  A  ±  Id  V 
change  in  signal  corresponds  to  a  ±2.“!  cm  displacement  of  a  FDS  target . 


■I I  live  Materials  and  Adaptive  Struetwes 


4.  RAMS  IN  THE  GTF 

rtu-  RAMS  design  is  derived  From  proven  space  sensor  technology.  The  electronic  design 
concepts  and  interpolation  algorithms  for  RAMS  have  been  demonstrated  in  space  hardware, 
including  the  Retroreflector  Field  Tracker  (RFT)  that  was  llown  on  the  Shuttle  in  14X4  and  a 
\  :iriet\  of  Ball-built  star  trackers.  RAMS  consists  of  a  simple  electro-optical  design.  It  uses  a 
cooperati\e  light  source  (typically  an  l.FDt  to  illuminate  reflective  targets  within  its  field  of 
'.lew  iFGVi.  The  reflected  images  are  focused  onto  a  linear  charge -coupled  device  (CCD) 
iletector  by  a  cylinder  lens  to  produce  a  line  image.  Displacement  of  a  target  causes  the 
tocused  image  to  shift  position  on  the  CCD.  giving  an  accurate  indication  of  the  angular 
displacement.  Know  mg  the  range  of  the  target,  translational  displacement  can  be  calculated. 

RAMS  (Figure  2i  uses  a  CCD  detector  with  I 
V  Z.iiyS  pixels  and  proprietary  BFCD 
interpolation  algorithms  that  pennit  centroiding 
of  target  images  to  approximately  of  a 
pixel.  High  update  rates  are  achieved  by 
pipeline  processing  of  the  CCD  data  in  analog 
torm.  R.A.MS  can  provide  resolution  to  better 
than  1 :  ino.ddd  and  update  rates  of  .SdO  Hz  for 
each  of  .“sd-i-  targets.  It  uses  off-the-shelf, 
lovx-cost  parts  such  as  Nikon  OEM  lens. 

Newport  alignment  flexures.  Kodak  CCD 
detectors,  and  AND  brand  light-emitting 
diodes.  ,'\  detailed  description  of  R.AMS  and 

(  ,'\SF.S  is  provided  in  Reference  2.  Fig,  Z. 

4.1  B.MT  Design 

The  BMT  X  and  Y  sensors  are  oriented  such  that  their  detectors  are  in  the  same  plane  as  the 
boom  and  tilted  at  a  slope  that  provides  proper  focus  for  every  target.  (This  is  guaranteed  by 
the  .Scheimptlug  "  condition.)  The  required  FOV  iT  each  sensor  (approximately  20  deg)  is 
determined  by  the  viewing  geometry  (e  g,,  offset  distance  from  boom,  distance  to  nearest  and 
fanhest  targets,  expected  range  of  motion).  The  actual  FOV  exceeds  this  amount  and  is  based 
on  the  detector  pixel  size,  number  of  pixels,  and  the  focal  length  of  the  lens  (S.S  mm).  The 
achievable  resolution  is  determined  by  the  angular  subtense  of  each  pixel  and  the  degree  to 
which  subpixel  interpolation  can  be  achieved.  Target  distance  varies  from  Z.fv  m  to  .^l,.4  m. 
The  major  design  challenge  for  the  BMT  is  achieving  the  desired  image  shape  and  sufficient 
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optiLiil  ivturn  signal  trnm  the  farthest  target.  This  is  influeneed  b\  the  rtidionietrie 
eharacterisiies  nt  the  ilUiniiiiator  and  hy  the  si/e.  shape,  and  retnireneetive  pmpenies  ot  the 
I.irget  material. 


I  he  fi.\i  r  t.ireets  are  made  tiom  .sM-hrand  Model  2(Iim)X  relroretleetive  tape.  This  high-gain 
material  contains  microscopic  corner  ciihes  laminateil  beneath  a  protective  f  ilm,  I'he  targets 
are  srjnare-shaped.  as  viewed  by  each  sensor,  and  sized  to  subtend  a  specified  angle  w  ithin  the 
1  ()V.  Thtis.  target  size  will  var\  with  range,  but  image  width  will  remain  constant.  This 
condition  is  necessary  in  inder  to  maintain  precision  in  the  interpolation  algorithms.  Incident 
light  on  this  tape  material  is  retrore fleeted  with  a  luminance  factor  of  .stMM)  and  primarily  within 
a  1,1  deg  conical  beam  Hull  angler  The  t;irgets  are  illuminaferl  by  an  array  ol  ,s2  l.F.Ds 
mounted  on  each  sensor  head.  The  illuminators  must  be  positioned  near  the  optical  a,\is  of  the 
sensor  because  ot  the  retroreflective  nature  ol  the  targets.  .Most  ol’  the  1  J:Ds  are  aimed  at  the 
farthest  t.irget.  'I'he  quasi-Ciaiissian  beam  shape  provides  an  appropriate  amount  of  radiance 
on  the  mid-range  targets.  .Some  (.fTK  are  tilted  towards  the  tipper  targets  to  illtintiiiale  them. 
Ivach  1,1  I)  is  rated  at  1 .1  candelas  and  has  a  beam  divergence  of  approximately  4  tieg. 

The  sensor  head  is  comprised  of  a  thick-walled  aluminum  box  on  which  a  lens  assembly  is 
mounted.  The  lens  assembly  includes  the  off-the-shell  .Nikon  catnera  lens  which  is  littetl 
with  .1  evlinder  lens  to  provide  line  images  and  a  wide-hand  tiller  to  reduce  background 
illumination.  The  C'(T)  detector,  preamplifier  circuiiry.  and  detectk>r  mounting  hardware  are 
installed  within  the  sensor  head.  Proper  orientation  and  positioning  of  the  detector  with 
respect  to  the  lens  is  cnicial  to  accurate  measurement  ot  target  position  I  he  Kodak  Kfl-  2lt).l 
Cen  vietector  has  2. UPS  pixels,  each  14x14  pm  in  size.  Phis  detector  was  selected  tor  its 
low  noise  characteristics,  high  respoiisiviiv.  and  unilormity  ot  photo-response  between 
.id|.icent  pixels  Data  is  transferrevi  at  rates  exceeding  1  MHz  aiivl  hamled  oft  to  a  separate 
electronics  box  containing  the  analog  and  digital  processing  circuitry.  1  he  analog  pipeline 
processor  detects  the  presence  of  targets,  interpolates  the  position  ot  each  to  within  2'i  ot  a 
pixel,  and  tags  the  data  w  ith  a  target  number.  Phis  analog  data  is  converted  to  digital  tonn  and 
multiplexed  prior  to  output.  The  BMT  data  interlace  is  a  ,P2-bit  parallel  data  word  w  hich  is 
read  bv  the  C.-X.SF.S  control  computer  upon  generation  of  a  strobe  by  the  BMT. 

4  2  TIPS  Design 

The  TDS  sensors  are  mounted  orthogonal  to  each  other  and  observe  the  four  l4l  LED  targets 
mounted  on  the  upper  surface  of  the  tip  plate,  I  'sing  the  known  locations  and  unique  pattern 
of  the  targets  with  respect  to  the  tip  plate,  the  motion  of  the  tip  plate  reference  point  li  e., 
center  of  mass!  can  be  monitored.  The  required  FT4V  of  each  TDS  sensor  {2.}  degt  is 
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dcicmiincil  by  the  target  lanite,  target  spacing,  and  the  maxitmmi  expected  nintintis  nt  +25  cm. 
I'he  actual  FdV  1 1.5  deg)  is  larger  than  necessai^  because  of  the  inientiimal  use  ut  cnmninn 
detectnrs  tur  both  the  TD.S  and  the  BMT,  Irse  ot  a  slightly  lunger  (  |l)5  niin)  t'ucal  length  lens 
(ur  the  'I'D.S  iinpruies  resulutiui,  ^..iiipared  to  the  BMT.  The  majur  design  challenges  t'ur  the 
I  DS  are  high  update  rate,  target  range,  and  high  resolution.  The  use  ot  active  ll.ED)  targets 
rather  than  passive  (retrorenector)  targets  improves  the  radiometric  peilorniance  significantly 
and  allow s  the  shoiler  integration  times  needed  lor  higher  update  rates.  The  four  TDS  targets 
consist  ot  individual  LET'Is  fitted  with  an  adjustable  spherical  lens  that  expands  the  illumination 
beam  to  15  deg.  Beam  divergence  is  based  on  the  angular  offset  with  respect  to  the  sensor 
head  plus  an  expected  tilt  of  the  tip  plate  of  ±5  deg. 

I'he  TDS  sensor  head  is  identical  to  the  BMT  sensor,  with  two  minor -‘xceptions.  There  are 
no  illuminators  on  the  TDS  sensor  because  active  targets  are  used.  The  detector  mounting 
block  holds  the  detector  normal  to  the  optical  axis  (rather  than  tilled)  because  the  targets  are 
equidistant  in  range  and  require  the  same  foca)  length.  The  TDS  u.ses  eight  dedicated  analog 
circuits  to  transmit  analog  position  data  for  each  of  the  four  targets  measured  by  each  of  the 
two  sensor  heads.  Each  target  has  a  unique  offset  voltage  at  its  .stationary  position,  such  that 
maximum  resolution  can  be  gained  from  the±in  V  range  of  the  analog  output. 

5  Cl  RRIiM  SI  ATI’S 

fabrication  and  checkout  of  the  B.M  I  and  TD.S  hardware  are  still  in  progress,  so  test  results 
tor  these  systems  are  not  \et  available.  However,  testing  ot  the  RAMS  Prototype  developed 
bv  Bf('f)  under  IR&D  has  produced  early,  optimistic  results.  The  Prototype  has  detected  and 
tracked  a  retroretlective  tape  target  at  .f  I  m  range  under  bright  interior  lighting  conditions. 
Tracking  of  an  ITT)  target  like  that  planned  for  the  TD.S  has  also  been  demonstrated.  The 
Prototy  pe  has  also  demonstrated  lineanty  across  a  single  pixel  as  high  as  1 T  of  a  pixel.  (The 
IDS  and  BM  T  specifications  can  be  met  with  errors  equivalent  to  59r  of  a  pixel.)  The  new 
sensors  are  expected  to  show  signiticant  improvements  in  performance,  due  to  larger  pixel 
si/e,  higher  responsivity.  improved  uniformity  of  photoresponse,  and  lower  noise  from 
detector  .ind  processor  circuitry.  Tests  results  from  these  sensors  are  expected  by  feb.  IddZ. 
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Kvaluation  of  acrylate  and  polyiniide  coated  optical  fibers  as  strain  sensors  in 
polymer  composites 


l.  D  Melvin*.  R  S  Rogowski*.  M  S  Holben**,  J  S  Nanikung?.  K  Kahr\J  .Sirkis* 

*NA.SA  Langley  Research  Center  M/S  2.^1  Hampton.  VA  2.W\s 

"’l.ockheed  Engineering  &  Sciences.  NASA  Ltmgley  Research  Center  Hampton.  VA  2.^665 
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ABSTRACT:  Polyimide  and  acrv'late  coated  optical  fibers  were  embedded  in  X  ply 
unidirectional  graphite/epoxy  composites.  Strain  was  measured  under  tensile  and  cyclic 
loads  with  both  surface  mounted  resistive  strain  gauges  and  the  embedded  optical  fibers 
using  an  Optical  Phase  Locked  Loop.  The  peak  to  peak  amplitude  of  the  acrv  iate  sensor 
was  407?  smaller  in  magnitude  than  that  of  the  polyimide  sensor.  The  acrylate  sensor  failed 
to  respond  between  100, 0(X)  and  1 20.0(X)  cycles.  Optical  microscopy  showed  dramatic 
differences  in  the  interfacial  condition  of  the  two  sensor  svstems  tested. 


1.0  INTRODUCTION 

The  successful  long  term  implementation  of  "smtirt",  "adaptive"  or  "intelligent"  structures  w  ill 
strongly  depend  on  development  of  sensor  systems  that  can  accurately  and  consistently 
measure  both  static  and  dynamic  changes  to  structural  materials  over  their  predicted  lifetimes, 
riic  sensor  system  is  compo.sed  of  a  chemically  doped  SiOy  based  core  and  cladding  housed 
in  a  protective  jacket.  The  optical  fiber  jacket  or  coaling  interaction  with  the  host  material 
plays  a  major  role  in  detemiining  the  proper  transfer  of  load  from  the  structure  to  the  optical 
fiber.  Originally.  Butter  and  Hocker  ( 1978)  demonstrated  the  ability  to  measure  strains  of 
<0,4  X  10  ^’  on  a  cantilever  beam  structure  using  an  optical  fiber.  Since  then  many 
applications  of  this  technology  have  been  extended  to  making  strain  measurements  using 
multimeasurand  fiber  configurations.  This  work  fixtuscs  on  determining  w  hat  damage 
mechanisms  cause  hysteresis  or  complete  optical  signal  loss  when  embedded  sensors  are 
subjected  to  large  repeated  load  levels.  The  goals  arc  to  find  optimum  optical  fiber 
coating/liost  material  interface  properties  that  will  ensure  sensor/host  integrity  over  the 
structure's  lifetime.  Preliminary  work  has  been  performed  on  two  "off  the  shelf  optical 
fibers,  acrylate  and  polyimide  ettated, 

2.0  EXPERIMENT 

2.1  Sample  Preparation 

\  S  ( it'\  u!  iinx'ni  I 
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Saain  measurements  were  made  on  two  graphite  epoxy  composite  samples  using  either  a 
Corning  CPC3  30/125/250  pni  (core/cladding/coating  o.d.)  acrylate  or  a  Fiberguide 
Themiocoat  50/125/145  pm  polyinude  coated  optictiJ  fiber.  Both  composite  samples 
contained  an  acrylate  and  polyimide  coated  fiber  tor  making  interfacial  comparisons  using 
ir.icroscopy  after  testing.  The  optical  fibers  were  laid  ptirallel  to  the  0‘'  graphite  fiber  direction 
betw  een  the  fourth  and  tilth  plies  of  an  8ply  unidirectional  composite.  The  composite 
specimens  were  made  of  Hercules  Magnamite  graphite-epoxy  pre-peg  material  following 
ASTM  sttindards  (D  .sO.Tf  -  76.).  The  optical  fibers  were  approximately  0.63  cm  apart  placed 
in  the  center  of  the  2.54  cm  wide  composite.  Eiach  specimen  was  approximately  30.5  cm  long 
and  0. 1 1  cm  thick.  Teflon  tubes  were  threaded  over  the  optical  fiber  pigtails  and  embedded 
0.63  cm  into  the  laminate  to  provide  protection  during  the  cure  prtK'ess  and  subsequent 
handling.  The  pigttiils  exiting  the  composite  were  fusion  spliced  to  FC7PC  connectors  and 
connected  to  the  Optical  Phase  Locked  Loop  (OPLL).  The  samples  were  fatigue  loaded  in 
tension  at  5  Hz  to  .S5F;-  of  their  average  7650  lb  ultimate  tensile  strength  (UTS).  Failure  w  as 
predicted  to  exteur  at  100.(X)0  cycles  for  an  AS4/350 1 -6  composite  w  ith  101k  layup. 

2,2  Optical  Setup 

scheinatic  diagram  of  the  OPLL  is  presented  in  Eng.  1.  The  electronics  in  this  diagram  are 
similar  to  those  from  Heyman  ( 19S2)  and  Rogowski  ct  al  (19X6).  except  that  this  system  is 
operated  at  a  nominal  frequency  of  3(X)  MHz.  and  a  sinusoidal  waveform  is  generated  by  the 
oscillator.  A  voltage  controlled  oscillator  ( VCO)  is  used  to  directly  miKliilate  a  diode  laser  and 
to  provide  a  reference  signal  to  a  double  balanced  mixer.  1  c.e  laser  radiatittn  passes  through  a 

multimtxle  embbeded  optical 
fiber,  is  detected,  amplified, 
and  mixed  with  the  reference 
signal.  The  phases  of  the  two 
signals  tire  maintained  at 
quadrature  by  feedback  of  the 
DC  error  volttige  from  the 
mixer  to  the  VCO.  The  filter 
removes  the  radio  frequency 
component  coming  from  the 
mixer.  Any  change  in  the 
phase  of  the  modulation  is 


Fig.  1.  Schematic  of  optical  phase  locked  Icwp  and 
compttsite  with  embedded  optical  fibers 
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expressed  as  an  error  voltage  at  the  mixer  and  is  compensated  by  a  change  in  the  modulation 
frequency.  A  change  in  path  length,  AL.  of  the  optical  fiber  will  produce  a  change  in 
frequency,  AF,  according  to  Eq.  1.  where  L  is  the  effective  path  length  (optical  plus 

AF_  AL 

F  L  ('1 

electronic)  and  F  is  the  nominal  frequency  value.  The  VCO  sensitivity  is  1  pV  per  H?  In  this 
experiment  the  error  voltage  and  load  cell  were  recorded  with  both  a  unix  based  data 
acquisition  system  and  strip  chim  recorder  to  indicate  strain. 

.TO  RESULTS 

A  2..‘i  second  sample  was  recorded  every  15  minutes  over  the  entire  fatigue  test  for  both 
acrylate  tmd  polyimide  coated  sensors.  The  optical  response  to  the  applied  cyclic  5  Hz  load 
for  the  acrylate  coated  sensor  is  shown  in  Fig.  2.  The  frequency  curve  shows  good  agreement 
with  the  applied  load  for  the  sample  set  taken  lu'ound  108,000  cycles.  The  peak  to  peak 
sensor  response  for  the  acrylate  sensor  was  40%  lower  than  that  of  the  polyimide  sensor  for 
the  same  85%  UTS  load  level.  The  acrydate  sample  however  failed  to  respond  between 
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Fig  2.  Applied  cyclic  load  and  optical  fiber  respemse 
versus  time  for  the  acrylate  composite  system 


I  rcqucncN  (II/) 


100, (H){)  and  120.0(K)  c>  cles.  Microscopy  was  perlonned  after  losing  the  acrs  late  optical 

signal.  The  pt'lyiniide  sensor  responded  very  siniikirly  to  the  acrydatc  fret|iiency  curve  shown 

in  lag.  2.  'I'he  polyiniide  sensor  continued  to  respond  w  ithout  any  noticeable  loss  in  peak  to 

peak  amplitude  well  beyond  130.000  cycles.  A  dc  drift  was  observed  in  both  tests  and  was 

attributed  to  a  noisy  detector  power 

supply,  tag.  3  and  4.  show  cross 

sections  of  the  acrylate  and 

polyiniide  cotited  fibers  respectively. 

The  arrow  in  Fig.  3.  points  out 

cracks  along  the  primary  and 

secondan.’  acrylate  coating  inteiface. 

Slipptige  of  the  glass  tilong  this 

interlace  ct'uld  accotint  for  the 

reduction  in  peak  to  petik  amplitude 

for  the  acry  late  system.  The 

polyiiniile  coating  system  in  Fig.  4. 

appetired  to  be  well  bonded  to  both 

Fit;.  3.  Acrylate  coated  fiber  cross  section  after  ,1^.  „iass  fiber 

1 22.000  cvcles 


which  possibly  contributed  to  tbe 
■icrvlate  fiber  response  tailure. 
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Fig.  4.  Polyiniide  ctnited  optical  fiber  cross  section 
after  1 .30,000  cvcles 
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Embedded  optical  fiber  sensors  for  monitoring  cure  cycles  of  composites 


Mark  A.  Druy,  Paul  J.  Glalkowski,  and  W.  A.  Stevenson 
Foster-Miller,  lnairp<irated,  350  Second  Avenue,  Waltham,  MA  02154 


ABSTRACT:  The  real-time  in  situ  monitoring  of  the  cure  cycle  of  an  epoxy  resin/graphite 
fiber  aimposite  was  monitored  in  an  autoclave.  In  this  work  a  short  length  of  sapphire  fiber 
was  used  as  an  embedded  fiber  optic  sensor.  The  sapphire  sen.sor  was  connected  to  infrared 
transmitting  zirconium  fluoride  optical  fiber  cables  which  penetrated  the  wall  of  the 
autcKlave  and  interfaced  to  a  Fourier  transform  infrared  spectrometer  (FTIR).  TTie  results 
indicate  that  this  technique  is  suitable  for  monitoring  the  degree  of  cure  of  the  laminates 
throughout  the  entire  cure  cycle. 

1.  INTRODUCTION 

The  repeatable  processing  and  manufacture  of  advanced  composite  materials  is  perhaps  the 
major  obstacle  inhibiting  the  widest  possible  acceptance  of  resin  matrix  ertmposites  as  aircraft 
structural  elements.  Considerable  research  and  development  has  been  expended  in 
government,  university  and  aerospace  laboratories  in  efforts  to  improve  the  quality  and 
reliability  of  this  class  of  materials.  We  address  this  critical  issue  from  a  uniquely 
fundamental  standpoint.  The  experimental  technique  involves  the  use  of  infrared 
spectroscopy  and  the  development  of  infrared  tran.smitting  optical  fibers  as  sensors  for 
monitoring  the  cure  of  graphite  fiber/resin  matrix  materials.  In  this  paper  we  report  the  use  of 
this  experimental  technique  for  monitoring  the  extent  of  cure  in  an  auUelave  environment  and 
the  correlation  of  the  spectal  data  to  mechanical  test  data. 

The  Faster-Miller  fiber  optic  methtxl  is  unique  bccau.se  it  tracks  a  fundamental  aspect  of  cure  - 
the  vibration  of  atoms  and  molecules  associated  with  the  di.s.s(K:iation  and  formation  of 
chemical  bonds  which  tecur  during  the  cure  process.  The  information  from  the  .sensor  is 
directly  related  to  the  chemical  state  of  the  resin. 
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2.  EXPERIMENTAL  PROCEDURES 

TTie  procedures  used  to  lay-up  the  sensor  fiber  in  the  composite  laminate,  cure  the  laminates, 
and  acquire  the  infrared  spectra  have  been  described  in  previous  publications  (Druy  1991). 
The  composite  system  used  was  Fiberite  934  which  consists  of  graphite  fibers  and  a 
TGDDM/DDS  epoxy.  This  resin  system  is  known  as  a  350°F  resin  and  is  used  in  a  number 
of  aerospace  structures.  The  principal  components  of  the  resin  arc  Tetraglycidyl  4,  4' 
diaminodiphenyl  methane  epoxy  (TGDDM)  and  4,  4'  diaminodiphcnyl  sl'L  .  »  (DDS). 
Additionally  there  is  present  a  catalyst,  BF3 :  NH2C2H5. 

In  an  effort  to  determine  if  the  spectral  data  obtained  during  a  cure  cycle  could  be  used  to 
determine  extent  of  cure  in  an  epoxy  laminate,  the  cure  cycle  was  altered  by  decreasing  the 
duration  of  the  350°F  hold.  Spectral  data  was  obtained  during  these  runs  and  the  panels  were 
subjected  to  an  losipescu  shear  test.  This  test  utilizes  a  double-V-notch  test  specimen  and  is 
used  to  measure  both  the  in-planc  modulus  and  strength  of  a  laminate.  Figure  1  shows  the 
configuration  of  the  test  specimen.  This  test  is  supposed  to  be  .sensitive  to  the  degree  of  cure 
of  the  epoxy.  Five  test  specimens  were  cut  from  each  laminate  that  was  cured. 
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Figure  1.  Configuration  of  Test  Specimen  for  losipescu  Shear  Test 


The  standard  cure  schedule  was  a  ramp  from  room  temperature  to  2.S0°F,  followed  by  a  45 
min  hold  at  250°F,  followed  by  a  ramp  to  35()°F,  followed  by  a  hold  at  350°F  for  120  min. 
The  altered  cured  schedules  (which  differed  only  in  the  extent  of  the  350°F  hold)  arc  shown  in 
Table  1. 


3.  RESULTS  AND  DISCUSSION 


The  cure  of  this  epoxy  system  involves  two  mechanisms  (Morgan  1987).  The  first 
mechanism  involves  reaction  of  the  epoxide  ring  with  the  amine  functionality.  This  reaction 
occurs  at  relatively  low  temperature.  The  second  mechanism  involves  the  formation  and 
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breakage  of  aliphatic  C-H  bonds  which  are  indicative  of  subsequent  cross  linking  reactions 
which  build  up  the  eptoxy  network. 

Table  1.  Cure  Schedule  For  Composites 


Sample 

Interrupt  point  in  Cure  Cycle 

1 

Standard  Cure,  1 20  min  hold  at  350°F 

2 

1  min  hold  at  350°F 

3 

105  min  hold  at  350°F 

4 

90  min  hold  at  350”F 

5 

75  min  hold  at  350°F 

6 

60  min  hold  at  350°F 

7 

15  min  hold  at  350°F 

8 

30  min  hold  at  350°F 

9 

45  min  hold  at  350°F 

These  spectral  changes  have  been  observed  with  the  fiber  optic  infrared  cure  monitoring 
system  (Druy  1991).  In  particular  two  peaks  in  the  infrared  are  useful  for  determining  the 
extent  of  cure  during  the  late  stages  of  the  cure  cycle.  During  the  350°F  hold,  the  absorption 
at  2995  cm'^  decreases  while  the  absorption  at  2830  cm"^  increases. 

For  a  Fiberite  934  laminate,  a  shear  .strength  of  17  - 18  ksi  is  expected  (Zimmerman  1991)  for 
a  fully  cured  specimen.  Sample  4  (90  minute  hold  at  350°F)  achieved  this  value.  The 
expected  values  of  ultimate  shear  strength  were  not  reached  for  .samples  1  and  3  because  some 
of  the  panels  appeared  to  be  damaged  during  cutting.  Comparison  of  the  spectral  data  for 
samples  1  and  3  indicated  that  no  further  increase  in  the  intensities  of  the  C-H  absorbance 
peak  at  2830  cm-l  eould  be  detected  after  60  -  75  minutes  into  the  350°F  hold.  Similarly 
observation  of  the  data  for  a  30  minute  hold  at  350‘’F,  indicated  that  the  C-H  intensity  at  2830 
cm'*  was  .still  increasing.  This  trend  was  confirmed  by  examing  the  data  for  a  60  min.  hold 
(Sample  6).  In  a  similar  manner,  the  trend  of  the  C-H  absorbance  peak  at  2995  cm'*  can  be 
analyzed.  Its  peak  intensity  tends  to  decrease  up  to  -  90  min  into  the  350°F  hold.  The 
relationship  between  the.se  ab.sorbance  peaks  and  the  ultimate  shear  strength  data  is  shown  in 
Figure  2. 

4.  CONCLUSIONS 

In  conclusion,  the  monitoring  of  the  spectral  changes  during  cure  of  a  TGDDM/DDS  epoxy 
resin/graphite  fiber  composite  can  be  correlated  to  the  mechanical  properties  of  the  cured 
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laminate.  This  cure  cycle  suggests  that  for  the  given  laminate  dimensions  (20  plies,  5  in.  x  6 
in.)  full  cure  is  obtained  by  the  time  a  90  min  hold  at  350°F  occurs.  Therefore,  based  on  the 
data  obtained  with  the  sapphire  sen.sor,  the  use  of  the  FTIR  cure  monitoring  system  for 
standard  epoxies  might  be  best  applied  to  determining  whether  a  substantial  amount  of  an 
undercured  region  exists  in  a  part  of  complex  geometry  (i.e  substantially  differing  thicknesses 
across  the  part). 


Duration  of  350  T  Hold,  min 

Figure  2.  Relationship  Between  C-H  Absorbance  Intensities  And  Shear 

Strength 
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ABSTRACT 

A  technique  based  upon  the  differential  sensitivities  of  dual  mode  and 
polarimetric  sensing  schemes  is  shown  to  be  capable  of  resolving 
simultaneously  temperature  and  strain  variations  to  within  20  and  1  K 
over  a  strain  and  temperature  excursion  of  2  rac  and  45  K. 

Introduction. 

Polarimetric  and  Dual  raoded  sensing  schemes  have  been  reported  as  being 
suitable  candidates  for  achieving  high  resolution  measurements  of  strain 
and  temperature  variations  (Butter,  Kim).  In  the  present  experiment  both 
techniques  are  used  to  simultaneously  interrogate  one  single  sensor  in 
order  to  discriminate  between  the  effects  of  temperature  and  strain. 

The  fibre  sensor  can  be  characterised  in  terras  of  the  necessary 
temperature  or  strain  variations  required  to  produce  a  2-k  radians  rotation 
in  the  polarisation  state.  Thus  the  sensitivity  of  the  fibre  to 
temperature  and  strain  variations  (o  or  a  (rads.K  ')  and  a 

Tpol  Tdual  Cpol 

or  a  rads.u«  )  can  be  determined. 

i  dual 

Simultaneous  interrogation  of  a  sensor  with  both  techniques  permits  two 
independent  variables  to  be  measured  at  the  same  time,  provided  that  the 
relative  sensitivities  of  the  two  sensing  schemes  are  different.  The 
application  of  a  temperature  and/or  strain  change  to  the  sensed  region 
will  produce  a  phase  change  in  the  dual  mode  and  polarimetric  signals. 
Measurement  of  the  phase  changes  allows  the  temperature  and  strain  to  be 
recovered  corresponding  to  the  relation, 
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Exper Inentat ion . 


Linearly  polarised  light  from  a  laser  diode  (A  -  820nm)  was  combined  with 
the  output  of  a  HeNe  laser  (A  =  633nm)  and  launched  into  a  polarisation 
preserving  fibre.  This  fibre  was  then  subjected  to  controlled  strain  and 
temperature  cycling  and  attempts  were  made  to  recover  the  sensed  changes 
from  the  optical  measurements.  A  typical  example  of  temperature/strain 
recovery  is  displayed  in  Figure  1.  Over  the  measurement  range  it  can  be 
seen  that  good  agreement  is  observed  between  the  applied  and  recovered 
variations.  In  general  the  estimation  of  the  extension  applied  to  the 
fibre  is  better  than  20  pm.  Temperature  measurements  are  seen  to  be 
accurate  to  within  1-2  degrees  in  most  instances  and  better  than  5  degrees 
overall.  In  all  of  the  measurements  the  general  trend  is  correctly 
predicted.  Over  the  increasing  portion  of  the  strain  cycle  the  measured 
fibre  extension  was  found  to  be  1694  /xm  with  a  corresponding  temperature 
change  of  -44.9  C.  This  is  in  excellent  with  the  applied  changes 
of  1700  /ira  and  -45  K.  The  corresponding  values  for  the  relaxation  cycle 
are  -1700  ^m  applied  extension  versus  -1689  pm  measured  and  -  3  C  applied 
versus  -  4.2  measured  which  again  indicates  good  experimental  agreement. 


Temperature/Strain  Recovery  with  Embedded  Sensor. 

A  uni -directional  composite  bar  650rarax25ramx5niro  was  press  moulded  from  40 
layers  of  Ciba-Geigy  914C-TS-5-42  pre-preg.  A  single  length  of  elliptical 
core  polarisation  maintaining  fibre  was  located  centrally  between  the  2'^'^ 
and  3’^'*  layer  of  the  sample  running  axially  and  parallel  Co  the 
reinforcment .  This  sample  was  subjected  to  simultaneous  three  point 
bending  and  thermal  cycling.  An  example  of  the  data  recovery  from  such  a 
measurement  is  indicated  in  Figure  2. 

It  is  clear  from  this  measurement  that  while  the  general  trend  of  the 
tempeature  and  strain  changes  is  correctly  indicated,  the  data  recovery 
from  this  experiment  is  less  precise  than  in  the  unembedded  case.  The 
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reasons  for  this  are  the  following.  Firstly  the  sensing  length  of  the 
fibre  is  much  shorter  than  that  used  in  the  unembedded  experiment.  The 
sensitivity  to  the  temperature  changes  is  therefore  reduced  introducing 
errors  in  the  calibration  for  thermal  changes.  Secondly  the  fibre  used  in 
the  embedded  experiment  was  taken  from  a  different  batch  to  the  previous 
fibres  and  it  had  sensitivities  which  lead  to  a  less  well  conditioned  set 
of  simultaneous  equations  describing  the  teraperature/strain  variations 
(Michie).  Thirdly  it  is  difficult  to  obtain  an  exact  reference  measurement 
of  the  thermal  and  strain  changes  within  the  composite  sample.  The  fibre 
measurements  were  calibrated  against  estimations  of  '^■^rap' rature/strai  n 
changes  taken  from  surface  readings. 

Conclusions . 

Teraperature/strain  recovery  with  a  single  sensing  length  of  optical  fibre 
has  been  demonstrated  to  be  successful  to  within  20  pt  and  1  K  over  a 
strain  and  temperature  excursion  of  2  me  and  45  K.  The  technique  has  been 
applied  to  embedded  sensing  where  although  a  reduced  sensitivity  was 
observed  this  was  not  a  direct  result  of  the  embedding  process  and  the 
indications  are  that  this  technique  is  a  suitable  for  temperature/strain 
recovery  in  composites. 
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ABSTRACT;  A  single  mode  bend-insensitive  (SMBl)  fiber  was  designed  using 
a  depressed  clad  (An=0.003)  and  a  higher  NA  (0.15).  The  optical  attenuation 
of  such  fiber  embedded  in  15  cm  long  graphite/epoxy  composite  panels  and  at 
0°  angle  with  respect  to  the  reinforcing  fibers  in  the  adjacent  plies  is  not 
affected  by  strain  or  temperature  cycling. 

1.  INTRODUCTION 

Optical  fibers  are  being  applied  or  contemplated  for  data  transmission  and  sensing 
and  diagnostic  applications  in  advanced  aircraft  (Vendsarkar  and  Murphy).  When 
the  aircraft  structure  is  constructed  of  composite  materials,  the  optical  fiber  can  be 
directly  embedded  in  the  material.  Possible  uses  for  embedded  optical  fibers  include 
monolithic  backplanes  for  avionics  computers,  and  temperature  and  strain  sensors 
for  smart  structures. 

One  difficulty  in  the  use  of  embedded  optical  fibers  is  that  structural  reinforcing 
fibers  often  generate  microbends  in  the  optical  fibers,  inducing  large  optical 
attenuation  (Bennett  and  Claus).  The  magnitude  of  these  losses  depends  on  the 
fiber's  refractive  index  profile  and  coating  modulus,  and  the  type  and  orientation  of 
the  structural  fibers  (Jackson). 

The  purpose  of  this  work  is  to  design  a  single  mode  bend-insensitive  fiber  (SMBI) 
and  to  evaluate  the  optical  performance  of  graphite/epoxy  coupons  with  the 
embedded  SMBI  optical  fiber  when  exposed  to  strain  or  temperature  cycling. 

2.  EXPERIMENTAL  PROCEDURE 

The  fiber  preform  was  prepared  using  the  Modified  Chemical  Vapor  Deposition 
(MCVD)  technique.  The  preform  is  then  lowered  into  a  graphite  furnace  under  dry 
nitrogen  atmosphere.  Glass  fiber  is  drawn  to  an  outside  diameter  (OD)  of  125  /xm 
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and  then  coated  on-line  with  either  a  polyimide  resin  to  150  OD  or  with  an 
acrylate  buffer  to  250 //m  OD. 

The  composite  system  is  a  Hercules  3501-6  epoxy  resin  matrix  and  AS4  graphite 
reinforcing  fiber.  The  prepreg  ply  is  0.3  mm  thick  and  the  graphite  fibers  are  linearly 
oriented. 


The  15  cm  long  composite  laminates 
were  formed  by  applying  585  kPa 
pressure  in  a  hot  press  at  175°C  for  2 
hours. 

The  optical  fiber  is  embedded  in  the 
center  of  a  12-ply  coupon  (temperature 
test)  or  6-ply  coupon  (strain  test).  The 
optical  fiber  is  either  oriented  at  0° 
orientation,  or  at  90°,  referred  to  as  90° 
orientation.  A  12-ply  composite  coupon 
is  described  in  Figure  1. 

3.  RESULTS 

The  refractive  index  profile  of  the  single 
mode  bend-insensitive  fiber  is  given  in 
Figure  2.  The  clad  is  depressed  by 
about  0.003,  the  numerical  aperture  is 
0.15,  and  the  core  diameter  is  6|4m.  The 
attenuation  at  1300  nm  is  about  0.95 
dB/km  and  the  cut  off  wavelength  is 
1 190  nm. 

The  results  of  a  peel  point  attenuation 
test  at  1300  nm  (loss  induced  by  a  single 
quarter  turn  around  a  mandrel)  are 
presented  in  Figure  3.  The  single  mode 
bend  insensitive  fiber  has  a  fraction  of  a 
dB  loss  for  a  3mm  diameter  mandrel, 
while  a  matched  clad  single  mode  fiber 
(standard  design)  has  about  5  dB  loss. 


Fig.  1.  12-ply  composite  coupon 
with  embedded  fiber 
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Fig.  2.  Refractive  index  profile  of  a 
SMBI  fiber 
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Fig.  3.  Peel  point  attenuation  test 
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The  optical  attenuation  of  the  composite 
coupons  was  measured  during  a 
temperature  cycle  from  -40°C  to  +85°C.  A 
typical  result  for  a  SMBI  fiber  as  well  as  the 
temperature  schedule  are  given  in  Figure  4. 
Coupons  with  SMBI  fiber  as  well  as  the 
temperature  schedule  are  given  in  Figure  4. 
Coupons  with  SMBI  fiber  exhibited 
negligible  loss.  On  the  other  hand,  coupons 
with  standard  matched  clad  SM  fiber 
displayed  losses  as  high  as  0.4  dB. 

The  coupons  with  polyimide  coated  fibers 
embedded  with  a  90°  orientation  exhibited 
the  highest  losses  during  temperature  cycle. 

The  optical  loss  of  the  embedded  fibers  was 
recorded  as  a  function  of  strain.  A  typical 
plot  for  a  coupon  with  polyimide  coated, 
single  mode  bend-insensitive  fiber  is  given 
in  Figure  5.  Coupons  with  standard, 
matched  clad  single  mode  fibers  exhibited 
losses  as  high  as  4  dB,  while  coupons  with 
SMBI  fibers  exhibited  a  maximum  loss  of 
0.5  dB. 


0  100  2C0  JOC  4D0  SCO  600 

TIM£  (fnir.) 


Fig.  4.  Optical  loss  of  P  coated, 
embedded  SMBI  fiber  during 
temperature  cycling 


strain  (%) 


Fig.  5.  Optical  loss  of  P  coated, 
embedded  SMBI  fiber  during  strain 
test 


Loss  is  observed  in  the  optical  fiber  after  about  I  to  1.5%  of  strain  is  applied  to  the 
composite.  Coupons  with  polyimide  coated  fibers  embedded  at  90°  orientation 
exhibited  the  highest  losses  during  the  strain  test,  presumably  due  to  the  high  elastic- 
modulus  of  the  polyimide. 

Pull  out  tests  were  performed  on  dog-bone  shaped  samples  prepared  by  embedding 
single  fibers  in  neat  resin.  Cracks  developed  at  the  polymer/glass  interface  for  loads 
of  44  and  107  N/mm  for  the  acrylate  and  polyimide  coated  fibers,  respectively.  Crack 
propagation  occurred  for  loads  of  49  and  210  N/mm  for  the  same  samples.  Only  the 
polyimide  coated  fibers  exhibited  substantial  stress  transfer  from  the  fiber  to  the 
matrix  as  evidenced  by  the  development  of  stress  patterns  under  polarized  light. 
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Scanning  electron  micrographs  of  the  fiber  after  failure  clearly  indicate  that  no 
coating  is  left  on  the  glass  fiber. 

4.  DISCUSSION 

The  different  tests  indicate  that  the  bend-insensitive  single  mode  fiber  is  less  affected 
by  temperature  cycles  and  strain  than  a  standard  matched  clad  single  mode  fiber. 
Bend  insensitivity  is  essentially  due  to  a  reduced  core  diameter  and  a  higher  NA,  and 
in  part  due  to  the  depressed  clad.  Also,  higher  induced  losses  are  observed  for 
polyimide  coated  fibers  than  for  acrylate  coated  fibers.  There  are  two  reasons  for 
this  behavior:  1)  the  polyimide  coating  is  stiffer  than  the  acrylate  coating;  and  2)  the 
polyimide  buffer  is  12  ^m  thick  while  the  acrylate  buffer  is  about  60  pm  thick. 
Consequently,  the  polyimide  buffer  transmits  more  outside  perturbations  to  the 
optical  fiber  than  the  acrylate  buffer.  Finally,  the  single  fiber  pull  out  test  indicates 
that  adhesion  of  the  polymer  to  the  glass  fiber  is  relatively  weak.  Weak  adhesion  of 
polymeric  buffers  to  optical  glass  fibers  is  desirable  because  it  provides  a  cushion  and 
the  buffer  is  less  efficient  in  transmitting  outside  perturbation  to  the  optical  fiber. 

5.  CONCLUSIONS 

Graphite/epoxy  composite  panels  with  embedded  optical  fibers  were  manufactured. 
The  influence  of  optical  design,  composite  geometry,  temperature  cycling  and  strain 
on  the  optical  attenuation  of  the  coupons  was  determined.  It  was  found  that 
composite  panels  with  embedded  bend-insensitive  single  mode  fibers  were  not 
affected  by  outside  perturbations.  It  is  best  when  the  optical  fiber  is  embedded  at  0° 
orientation  with  respect  to  the  reinforcing  graphite  fibers  in  the  adjacent  plies. 
Polyimide  coated  fibers  transmit  more  outside  perturbation  to  the  optical  fiber  than 
acrylate  coated  fibers,  because  of  the  thinner  and  tougher  polymeric  layer. 
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ABSTRACT:  A  PC/DSP-based  integrated  workstation  was  developed  for  modal 
parameter  identification  and  vibration  control  of  flexible  structures.  Utilizing  a  novel 
technique,  the  workstation  was  configured  to  perform  very  accurate  estimation  of  the 
modal  parameters  of  a  cantilevered  beam.  Active  vibration  control  of  a  cantilevered 
beam  with  a  bonded  piezoceramic  bending  motor  and  a  bending  generator  was  accom¬ 
plished  by  configuring  the  workstation  as  a  feedback  control  loop  with  a  simple  lag. 
Although  all  preliminary  usage  involved  a  cantilevered  beam,  the  workstation  proved  to 
be  an  effective  data  acquisition,  processing,  and  waveform  generation  system  that  can  be 
employed  for  the  modal  identification  and  vibration  control  of  any  structure. 

1.  INTRODUCTION:  We  describe  an  ongoing  effort  to  develop  an  integrated  design  that 
exploits  recent  advances  in  sensors  and  actuators  to  produce  an  automatic  identification  and 
control  workstation  for  in  situ  modeling  and  vibration  control  of  intelligent  structures.  The 
backbone  of  the  system  is  the  Texas  Instrument  TMS320C30  Digital  Signal  Processor  (Ref  1) 
embedded  in  a  Spectrum  Signal  Processing  board  (Ref  2).  The  workstation  is  an  integrated 
system  consisting  of  an  AST  80486  personal  computer  (PC)  with  the  Spectrum  add-in  board 
including  17  megabytes  of  private  memory,  34  analog-to-digital  (A/D)  converters  and  18 
digital-to-analog  (D/A)  converters.  There  also  is  an  Onsite  Instruments  Techfilter  (Ref  3) 
add-in  board  with  16  analog  channels  of  programmable  anti-aliasing/smoothing  filters.  The 
filters  have  AC  or  DC  coupling  with  adjustable  gain  and  comer  frequencies  and  exhibit  75 
dB/Octave  roll-off  The  PC  is  the  host  to  the  DSP,  and  provides  the  interface  between  the 
user  and  the  DSP.  DSP  software  development,  loading,  and  execution,  as  well  as  data 
visualization  and  postprocessing,  all  are  performed  in  the  PC  environment.  The  DSP  is  the 
main  processor  which  facilitates  the  analysis  of  sensor  data  and  generates  control  signals  to 
the  actuators.  The  workstation  can  process  data  from  up  to  34  sensors  and  generate  control 
signals  for  up  to  18  actuators.  Currently  we  are  concentrating  upon  using  piezoceramic 
actuators  and  fiber  optic  sen.sors  (both  collocated  and  non-collocated).  The  PC  also  contains 
an  Excelan  Ethernet  board  which  supports  TCP/IP/XWindows  communication  with  the 
corporate  Cray  YMP  supercomputer  and  various  other  workstations.  The  Grumman 
proprietary  PROTOBLOCK  computer-aided  control  system  design  package  is  implemented 
on  several  departmental  workstations  in  this  network.  The  preliminary  test  article  consists  of 
a  cantilevered  aluminum  beam  with  non-collocated  piezoceramic  sensors  and  actuators.  A 
set  of  eight  200-watt  KEPCO  BOP  (Ref  4)  power  amplifiers  provide  the  power  to  drive  the 
piezoceramic  bending  motors.  Instrumentation  amplifiers  provide  gain,  selectable  from  1,  10, 
100,  or  1000,  which  gives  full  A/D  resolution  for  piezoceramic  sensor  signals  over  a  wide 
dynamic  range. 

2.  SYSTEM  IDENTIFICATION:  Modal  parameter  estimation  of  the  transverse  vibrations 
of  a  cantilevered  beam  is  accomplished  with  the  work.station  by  measuring  the  steady- state 
response  of  the  beam  under  sinusoidal  excitation.  The  configuration  of  the  experimental 
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setup  is  illustrated  in  Fig  1.  The  waveform  is  generated  with  exceptionally  high  precision  by 
interpolating  a  1024  element  floating  point  lookup  table.  The  excitation  is  converted  to  ana¬ 
log  form  by  the  series  connection  of  a  digital-to-analog  (D/A.,  conserter,  a  zero-order-hold 
buffer  (ZOH),  and  an  analog  smoothing  filter.  The  resulting  signal  is  fed  to  the  KEPCO 
power  amplifier  which  in  turn  drives  the  bending  motor  on  the  beam  causing  vibrations.  The 
bending  generator  signal  at  steady  state  is  passed  to  the  Onsite  anti-aliasing  filter  and  sam¬ 
pled.  With  the  comer  frequency  of  that  filter  set  to  40%  of  the  sampling  frequency,  the 
recorded  time  sequence  reflects  true  digitized  vibration  ic'nonse.  The  e.xitation  signal  at  the 
input  of  the  PZT  actuator  is  also  filtered  and  sampled.  The  g  lin  and  phase  of  the  beam's 
steady  state  response  is  determined  by  comparing  this  sigr.ai  to  that  of  the  beam's  response. 
From  the  viewpoint  of  implementation,  it  was  important  to  maintain  a  real  world  environment 
throughout  these  procedures.  Con.sequently,  no  attempt  was  made  to  isolate  the  experiments 
from  the  surrounding,  rather  noisy,  environment.  Another  cause  of  loss  of  precision  turned 
out  to  be  entirely  due  to  electronics  when  it  was  determined  that  the  least  sign.ncant  five  bits 
were  unreliable  due  to  nonlinear  device  effects  of  the  A/D  chip.  Signal  processing  techniques 
were  developed  and  utilized  to  improve  the  estimates  for  the  steady  state  response.  This 
includes  a  least-square-error  estimation  filter  described  as  follows: 

Given  a  noisy  measurement  vector, 

Af=[m(0)  m(T)  m(kT)  •••  m(n7)],  where 
m(kT)  =  Gsw(coJkT)  +  (l>)+T](kT),  steadystaterespon.se  +  noise 
T  is  samp!  ng  period.  ilikT)  is  uncorreiated  v  ith  the  response 
Since  any  noise-free  steady  state  response  can  be  expressed  as: 

Gsmt,u\lkT)  +  <t>)  =  AcosQ}^(kT)  +  Bsinco^ikT) 

and  since  sin  is  orthogonal  to  cos,  these  functions  serve  as  natural  bases  functions  for  this 
sp.  ee.  The  optimal  estimator,  in  the  least  squares  sense,  is  the  orthogonal  projection  of  the 
measurement  vector.  Thus  the  "best"  estimate  will  be  given  by: 
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W  = -4c  +  Si,  c  =  [l  cos((U^T)  •••  cos(6J^(«7))],  j  =  [0  sin(<»^T)  sin(ft)^(«7))], 

A  =  ,  B  =  ,  M  is  the  measurement,  M  is  the  optimal  estimate 

cc'  ss' 

Hence,  m  =  Va^  +  and  ((>  =  arctan(A/6)  are  the  optimal  estimates  for  magnitude  and 
phase.  In  order  to  estimate  the  actual  frequency  response  from  the  measured  data,  we  had  to 
determine  the  individual  effects  due  to  the  anti-aliasing  filters,  smoothing  filter,  power  ampli¬ 
fier,  etc.  To  do  this  we  sampled  the  input  signal  to  determine  gain  and  phase  brought  about 
by  the  smoothing  filter  and  power  amplifier  and  then  modified  the  response  estimation 
accordingly.  Thus,  we  are  able  to  achieve  very  close  estimates  of  the  actual  frequency 
response  using  this  combination  of  high-precision  sine  wave  generation,  least  squares  estima¬ 
tion,  and  phase/gain  compensation.  Fig  2  illustrates  this  procedure  by  a  geometric  analogy 


FIG  2:  GEOMETRIC  ANALOGY  FOR  LEAST  SQUARES  ESTIMATION 


and  a  functional  block  diagram.  To  illustrate  the  effectiveness  of  this  technique,  the 
frequency  response  of  the  anti-aliasing  and  smoothing  fillers  on  the  Spectrum  board  were 
measured  in  this  way.  The  filters  are  fourth-order  Butterworth  in  a  Sallen-Key  configuration 
which  employ  a  set  of  4  identical  plug-in  resistors  to  select  each  filter's  comer  frequency. 

The  theoretical  transfer  function  of  the  filter,  assuming  nominal  component  values,  is: 


£, 


; - r  X  - ; - r,  where  R  is  the  chosen  restor  value, 

-I-  2/?C,S  -I- 1)  [R^CyC^S^  -t-  IRCyS  + 1) 

C,  =  2380  pf,  Q  =  2780  pf,  C,  =  1000  pf,  Q  =  6800  pf. 


Fig  3  illustrates  the  efficacy  of  our  approach  to  system  identification  by  showing  a  close  fit  of 
the  estimated  to  the  theoretical  frequency  response  functions  for  the  Butterworth  filter  for  the 
case  in  which  R=  1.36  MQ.  Virtually  noiseless  frequency  response  functions  for  the 
vibrating  beam  can  be  determined  in  this  way  over  ihe  frequency  spectrum  of  interest.  The 
natural  frequencies  and  damping  factors  may  be  calculated  by  locating  the  frequency 
corresponding  to  a  90  degrees  phase  shift  and  then  determining  the  3  dB  bandwidth  at  each 
resonant  frequency.  Accurate  estimates  were  obtained  even  for  low  frequency  modes.  In 
addition,  a  positive  real  rational  function  estimation  technique  based  on  classical  complex 
curve  fitting  (Ref  5)  is  used  to  realize  the  measured  frequency  response  function  of  the 
vibrations  of  the  beam  (Fig  4). 
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Fig  3;  BUTTERWORTH  THEORETICAL  vs  EXPERIMENTAL  vs  FITTED  RESPONSE 


Fig  4:  TRANSVERSE  VIBRATIONS  OF  THE  CANTILEVERED  BEAM-THEORETICAL  vs 
EXPERIMENTAL  vs  FITTED  FREQUENCY  RESPONSE 


3.  MODELS  OF  PIEZOELECTRIC  SENSOR  AND  ACTUATOR  DYNAMICS:  The 
piezoelectric  bending  generator  feeding  the  antialiasing  filter  in  front  of  the  A/D  converter 
can  be  viewed  as  a  current  source  in  parallel  with  a  capacitor  and  a  resistor  as  shown  in  Fig  5. 
The  current  is  proportional  to  the  strain  rate  at  that  point  in  the  beam.  The  voltage  drop 
across  the  input  impedance  of  the  circuit  would  then  have  the  illustrated  transfer  function. 
Note  that  at  high  enough  frequencies,  the  voltage  is  proportional  to  strain.  For  the  component 
values  of  the  bending  generator  used  and  the  input  circuit  on  the  workstation,  /?/  =  10  KQ, 

C,  =  34  nf,  and  Cy=  216  nf,  the  frequency  response  function  is  depicted  in  Fig  6. 
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FIG  5;  BENDING  GENERATOR  TRANSFER  FUNCTION  AND  CIRCUIT  MODEL 


V_ _ ^ _ 

£■  ~  +C,)5  +  1 

where  =  capacitance  of  Piezo 

Cj  =  input  capacitance  of  circuit 
W  =  input  resistance  of  circuit 


4.  NONLINEAR  ELECTRIC  FIELD/STRAIN  BEHAVIOR  OF  PIEZOCERAMICS: 

We  were  surprised  to  observe  in  the  laboratory  the  size  of  the  nonlinear  relation  of  electric 
field  to  induced  strain  in  a  piezoceramic  bending  motor.  Fig  7  illustrates  the  steady  state 
output  waveform  for  a  sinusoidal  excitation  at  a  frequency  just  below  resonance  and  for  a 
range  of  amplitudes.  The  response  is  clearly  far  from  sinusoidal.  At  low  enough  signal 
levels,  the  response  is  quasi-linear  but  noise  becomes  a  dominating  factor.  To  illustrate 
another  view  of  the  nonlinearities  associated  with  piezoceramic  actuators,  consider  Fig  8 
which  shows  changes  in  peak  response,  resonant  frequency,  and  damping  associated  with  the 
first  bending  mode  at  three  different  levels  of  excitation.  Clearly,  the  response  is  dependent 
on  the  driving  amplitude. 


5.  CONTROL  SYSTEM  DESIGN:  Fig  9  illustrates  the  overall  block  diagram  which 
includes  all  of  the  components  of  the  dynamic  model  of  the  system.  Using  the  experimental 
prtKedures  described  above,  we  obtained  the  transfer  functions  of  the  cantilevered  beam,  the 
butterwonh  filter,  the  anti-aliasing  filter,  the  sensor  dynamics,  and  the  power  amplifier.  For 
the  single  or  two-mode  models  we  were  able  to  obtain  substantial  damping  through  feedback 
by  exploiting  a  lag  filter  design.  For  simplicity  we  describe  the  single-mode  results,  the  two 
mode  results  are  exactly  analogous.  Initially  all  the  models  were  ported  into  the 
PROTOBLOCK  environment.  Within  this  graphical  environment  we  performed  linear 
analysis  which  included  a  root  locus  technique  to  derive  the  closed  loop  system  (Fig  10).  It  is 
interesting  to  observe  that  this  plot  clearly  indicates  that  the  structural  modes  do  indeed 
become  unstable  for  large  enough  gain.  This  was  later  verified  experimentally  where 


823 


Active  Materials  and  Adaptive  Structures 


Fig  7;  NONLINEAR  RESPONSE  OF  BENDING  MOTOR-WAVEFORM 


time,  sec  time,  sec 


Fig  8;  NONLINEAR  RESPONSE  OF  BENDING  MOTOR-FREQUENCY  RESPONSE 


Frequency,  Hz 


Fig  9:  CANTILEVERED  BEAM  CONTROL  BLOCK  DIAGRAM 


Lead-or-lag  filter 
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Fig  10:  ROOT  LOCUS  PLOT  OF  THE  COMPLETE  SYSTEM 


excellent  correlation  with  the  predicted  instability  was  observed.  The  PROTOBLOCK 
environment  allowed  us  to  efficiently  compare  the  root  loci  for  a  number  of  choices  of  lead  or 
lag  filters.  For  the  single  mode  model  it  was  quickly  determined  that  choices  of  a  =  10  and 
b  =  20  gave  an  acceptable  root  locus  plot.  The  required  values  of  the  gain  are  automatically 
generated  through  "clicking"  on  the  desired  location  of  the  root  locus  graph.  The  closed  loop 
response  was  simulated  within  the  graphical  environment  and  the  predicted  open  and  closed- 
loop  time  histories  are  displayed  in  Fig  11.  The  control  system  design  is  downloaded  to  the 


Fig  11:  ANALYTICAL-UNCONTROLLED  vs  CONTROLLED  FIRST  MODE  RESPONSE 


"o 

> 

c 

b 
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PC  where  the  C30  implements  the  required  algorithm  to  effect  the  lag  filter  controller  design. 
We  then  proceeded  to  run  the  experiment  using  the  piczoceramic  bending  motor  driven  with 
sinusoidal  input  at  the  first  fundamental  frequency  of  31.4  Hz.  Upon  reaching  steady-state, 
the  input  was  removed  and  the  time  histories  were  sampled,  stored,  and  displayed.  The  result 
of  the  one-mode  experiment  under  open  and  closed-loop  control  is  displayed  in  Fig  12. 

Fig  12:  EXPERIMENTAL-UNCONTROLLED  vs  CONTROLLED  FIRST  MODE  RESPONSE 
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As  can  be  clearly  seen,  we  found  excellent  correlation  between  the  simulated  and  experimen¬ 
tal  results. 

6.  CONCLUSION;  The  Piezoceramic/DSP-based  integrated  workstation  has  proved  to  be  a 
great  aid  to  research  in  smart  materials  and  structures.  It  is  now  possible  to  quickly  iterate 
between  theoretical  control  system  designs  and  actual  hardware  implementations  employing 
embeddable  real  time  digital  controllers.  This  work  illustrates  the  optimal  combination  of 
modem  digital  signal  processing  techniques,  control  system  synthesis,  system  identification, 
and  high  speed  computer  networking.  This  symbiosis  characterizes  the  essence  of  the  kind  of 
systematic  approach  which  will  lead  to  actual  application  of  smart  structures  technologies. 
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limit  Ozgiiner  Layne  Lenning 

Dep£irtment  of  Electrical  Engineering 
The  Ohio  State  University 
2015  Neil  Avenue 
Coluinbus,  Ohio,  43210 


Abstract.  It  is  claimed  that  smart  structures  require  the  implementation  of  distributed 
intelligence  to  work  effectively.  The  local  intelligence  for  flexible  structures  is  based  on 
local  models  of  substructure  dynamics.  One  possibility  of  realizing  the  local  models  is 
with  analog  circuits  representing  the  subslnictures.  The  local  models  can  then  be  the 
basis  of  different  feedback  control  schemes. 


1 .  Introduction 

W’p  claim  that  adaptive  or  intelligent  structures  require  a  nontrivial  amount  of 
iiilrlligcncc  to  provide  the  adaptation,  and  that  one  of  the  key  issues  in  this  area  is 
cstahlishing  a  framework  that  is  independent  of  the  sensor  and  actuator  technologies 
that  are  being  considered.  Thus,  we  have  to  understand  the  key  characteristics  of 
such  structures: 

•  Sensors  imbedded  into  substructures. 

•  Actuators  imbedded  into  substructures. 

•  Substructures  coupled  to  form  a  large  structure. 

•  A  distribution  of  control  authority  over  the  large  structure. 

•  A  distribution  of  sensor  responsibility  over  the  large  structure. 

riius,  the  intelligence  that  connects  the  sensors  and  actuators  must  likewise  fit  into 
the  above  framework.  That  is,  it  must  be  imbedded  into  the  substructures  and 
must  be  “connectable"  similar  to  the  substructures.  It  must  “understand"  that  it 
is  part  of  a  whole.  It  must  show  a  distribution  of  intelligent  processing  power. 

We  now  make  a  big  jump  to  reach  the  claim  that  a  major  portion  of  inielltgcnce 
or  intelligent  action  is  having  an  internal  knowledge  of  self.  In  systems/control 
terminology,  this  is  model  based  control. 

The  above  general  introduction  leads  us  to  the  following  two,  somewhat  more 
technical,  observations: 

e  idq:  inr  ri.sS'.Hi"?  !  c! 
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1,  A  large  class  of  interconnected  structures,  especially  those  comprised  of  phys¬ 
ical  systems,  have  models  represented  by  electrical  networks.  These  networks, 
which  can  actually  be  built  and  interconnected,  will  exhibit  the  same  behavior 
as  the  nominal  model  of  the  original  structure. 

2.  A  large  class  of  control  approaches  incorporate  a  nominal  model  of  the  system 
being  controlled  within  the  feedback  control  loop.  ^ 

In  what  follows,  we  shall  summarize  very  briefly  circuit  bcised  modeling  of  struc¬ 
tures.  This  will  also  include  the  technology-dependent  active  materials  portion  of 
the  structure.  We  will  then  show  that  physically  having  such  an  analogous  circuit 
will  directly  aid  in  generating  the  feedback  control  for  large  structural  systems. 


2.  Background:  Circuit  analogies 

J.l.  Modeling  of  Flexible  Structures  Using  Circuit  Analogies 

Large  structures  may  be  viewed  as  an  interconnection  of  several  substructures  where 
the  vibration  control  problem  can  be  approached  as  a  question  of  power  transfer — 
sitnilar  to  problems  in  transmission  line  theory  or  electrical  circuits.  The  propaga¬ 
tion  of  disturbances  may  be  analyzed  in  terms  of  scattering  parameters  or  in  terms 
of  circuit  impedances,  just  as  in  transmission  lines  or  high  frequency  waveguides. 
We  have  been  analyzing  these  analogies  in  detail,  with  the  intent  of  exploiting  the 
similarities  (Lenning  and  Ozgiiner,  1991). 

The  first  and  simple  motivation  for  this  work  is  to  reconsider  existing  results  in 
rircuit  theory  and  microwave  waveguides  in  order  to  transfer  some  of  the  results  to 
the  control  of  vibration  damping  in  large,  coupled,  flexible  structures. 

The  second  and  more  unique  motivation,  which  forms  part  of  this  paper,  is  to  use 
these  models  to  build  the  actual  circuits.  These  circuits  will  then  provide  nomiral 
models  to  be  utilized  jointly  with  the  system  as  part  of  the  control  implementation. 

Circuit  analogies  of  mechanical  systems  have  existed  for  many  years.  When 
the  history  of  mechanical  and  electrical  systems  is  considered,  the  complementary 
progress  of  the  two  are^ls  is  evident.  Results  of  electrical  network  theory  have  many 
applications  to  acoustical,  mechanical,  and  electromechanical  systems.  Included  in 
these  applications  is  vibration  control  of  large  flexible  structures. 

Typical  examples  of  circuit  analogies  for  mechanical  systems  are  shown  in  Ta¬ 
ble  2.1.  Using  these  variable  and  element  analogies,  the  equations  for  electrical  and 
mechanical  systems  are: 


lerl 

(1) 

Ferl 

=  Mx  +  pi  +  Kx 

(2) 

Ten 

=  JeA-P0+  KB 

(3) 

'  This  has  at  times  been  referred  to  as  the  internal  model  principle,  although  that  term  has 
also  been  used  when  the  controller  has  a  model  of  the  disturbances. 
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ELECTRICAL 

MECHANICAL 

MECHANICAL 

(LINEAR) 

(ROTATIONAL) 

voltage,  V 

velocity,  v,  x 

angular  velocity,  lj,  9 

current,  /,  q 

force,  F 

torque,  r 

charge,  q 

momentum,  P 

angular  momentum,  h 

flux  linkage,  A 

displacement,  x 

angular  displacement,  0 

capacitance,  C 

mass,  M 

moment  of  inertia,  J 

inverse  inductance,  j 

stiffness,  K 

rotational  stiffness,  K 

inverse  resistance, 

damping,  p 

damping,  /? 

Table  1 :  Electrical  /  Mecheuiical  System  Analogies 


Once  n-port  impedence  matrices  and  scattering  matrices  are  defined,  circuit 
syntliesis  techniques  can  be  applied  to  structure  synthesis.  Connecting  substruc¬ 
tures  is  analogous  to  connecting  circuit  subnetworks.  The  impedance  or  scattering 
parameters  of  the  entire  structure  can  be  determined  from  the  impedances  of  the 
interconnected  substructures  as  one  would  determine  the  impedance  of  a  circuit. 
In  fact.  Component  Mode  Synthesis  methods  in  FEM  have  been  studied  in  this 
context. 

I  sing  overlapping  decomposition,  the  circuit/structure  can  be  separated  for  de¬ 
centralized  controller  design  (Young  1990,  Cagle  and  Ozgiiner  1989).  Controllers 
may  be  tlesigned  to  achieve  certain  scattering  properties  or  to  achieve  certain  volt¬ 
age/velocity  properties.  H2  or  design  techniques  could  be  used  in  these  designs. 

In  conclusion,  circuit  analogies  have  been  used  to  establish  a  framework  for  an¬ 
alyzing  interconnected  flexible  structures.  Our  purpose  here  though,  is  in  pursuing 
the  possibilities  that  exist  when  these  circuits  are  actually  built. 


J  J.  Parallel  Circuit  Models  of  Flexible  Structures 

One  advantage  in  actually  developing  the  substructure  building-blocks  is  that  the 
assembly  of  the  subnetworks  will  provide  the  same  system  response  as  the  assembly 
of  mechanical  substructures.  Thus,  one  can  develop  integrated  circuit  chips  to 
represent  portions  of  a  truss,  plates,  appendages,  etc.,  and  assemble  an  analog 
representation  of  a  total  airplane  wdng  or  a  space  station.  In  fact,  this  would  be 
quitf'  similar  to  assembly  of  a  total  FEM  of  the  same  structures. 


J  y  hirlusion  of  sensors  and  actuators 

Sensors  and  actuators  which  have  dynamics  that  cannot  be  ignored,  can  also  be 
included  in  the  circuit-based  models  described  above.  These  may  be  proof  mass 
actuators,  piezo  sensors  and  actuators,  etc.  Circuit  equivalents  for  such  systems 
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I'isure  1:  Single  mode  structure  with  proof-mass  actuator  and  associated  circuit 
model 

are  available  and  may  be  appended.  See  Figure  1  for  an  example  of  a  proof-mass 
ariuator  with  a  mass-spring  system  that  it  is  attached  to. 


3.  Utilization  of  the  structure  model 

d  /.  Observer  design 

Observer  design  is  an  interesting  application  of  circuit  representations  of  flexible 
structures.  Again,  cost  and  size  are  key  advantages  of  this  application.  The  observer 
may  be  easily  mounted  to  the  structure  or  substructure  to  be  controlled.  Also,  this 
ob.server  can  be  implemented  in  analog.  Thus,  no  microprocessor  is  necessary  for 
this  observer  implementation. 

The  observer  for  the  structure  is  equivalent  to  the  observer  for  the  equivalent 
KLC  circuit.  The  state  equations  for  a  nondegenerate  RLC  circuit  (no  capacitance- 
voltage  source  loops  and  no  inductance-current  source  cut  sets)  without  controlled 
(dependent)  sources  can  be  written  as 

=  Rud-A.v, +  B£E(0  (1) 

=  Aiii  +  Gvrd-B/KO  (.0) 

where  the  frillowing  are  defined: 

vector  of  inductor  currents 
V,  vector  of  capacitor  voltages 

E(()  vector  of  independent  voltage  sources 

I(t)  vector  of  independent  current  sources 
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L  inductance  matrix 

C  capacitance  matrix 

R  matrix  of  resistances  in  writing  loop  (voltage)  equations 

(row  j  shows  resistances  in  the  same  loop  as  Ljj) 

A,.  matrix  showing  capacitor  voltages  in  loop  (entries  ±1  or  0) 

Bg  matrix  showing  voltage  sources  in  loop  (entries  ±1  or  0) 

G  matrix  of  inverse  resistances  in  writing  cut  set  (current)  equations 

At  matrix  showing  inductor  currents  in  cut  set  (entries  ±1  or  0) 

B/  matrix  showing  current  sources  m  cut  set  (entries  ±1  or  0) 

Consider  the  case  with  some  voltage  (velocity)  merisuremcnts.  Thus. 


y  =  [  0  H 


it 

Vo 


(^■) 


One  can  design  an  observer,  with  error  equation  dynamics  specified  by  the  selection 
of  matrices  Fi  and  Ft  and  end  up  with  the  equations. 


L%  =  Rit+AoVo-LF,Hv, +  LF,y  +  BEE(/)  (7) 

=  Atit  +  Gv. -CF2Hvv  +  CF2y  +  B;I(/)  (^^) 

d/ 

Ihese  equations  imply  that  controlled  (dependent)  voltage  sources  mtist  be 
added  to  the  inductor  element  voltages  and  controlled  (dependent)  current  sources 
must  be  added  to  the  capacitive  element  nodes. 


i..J.  t^rnsiiiniii  FuTictions 

:\  sl'cond  specific  application,  with  the  network  analog  being  available,  is  using  ii 
in  generating  “sensitivity  functions”  of  the  structure.  Indeed,  it  is  known  that  the 
sensitivity  functions  (for  e.xample  the  state-sensitivity,  defined  as  the  variation  of 
the  state  with  respect  to  a  parameter  a  of  interest)  can  be  generated  from  the 
nominal  system  model  driven  by  the  system  outputs. 


=  Rs.  +  A,.s„  +  Sflir,  - 
=  AtSi  +  Gs^  +  Sgv.  - 
where  the  following  are  defined: 


_  dh 

da 

d\r 

s. 

II 

Sr 

da 

dn 

da 

(10) 

(11) 

(12) 

(Id) 

(11) 
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dL 

da 

(15) 

dG 

da 

(16) 

1  his  particularly  appropriate  for  the  configuration  we  propose. 

One  particular  utilization  of  sensitivity  functions  is  in  real-time  adaptive  control 
algorithms,  where  they  are  used  as  part  of  gradient  descent  type  of  iterations. 


1.  Chniclusions 

It  has  been  pointed  out  that  distributed  intelligence  is  required  to  have  the  intclli- 
LU'iii /ailaptivo  structures  of  the  future  perform  as  desired.  In  this  paper,  we  claim 
t  hat  t  his  (list  riluited  intelligence  has  to  have  local  knowledge  of  the  dynamic  model 
"f  the  substructures.  Furthermore,  we  show  that  one  way  of  implementing  the  lo¬ 
cal  models  is  witli  analog  circuits,  which  provides  possibilities  for  developing  many 
LUO. h  i  based  control  algorithms. 
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ABSTRACT  Activities  related  to  the  design  and  evaluation  of  computational  methods  for 
design  of  vibration  control  systems  based  on  frequency  response  measurem'-nts  sire  described. 
A  workstation  is  under  development  to  support  computation,  design  tradeoff  analysis,  realtime 
program  development,  simulation,  and  experimental  evaluation.  The  realtime  vibration  control 
algorithms  under  develop  use  digital  signal  processing  methods  and  are  implemented  using 
high  speed,  special  purpose  DSP  processors.  A  benchmark  multichannel  vibration  control 
experiment  is  planned. 


Introduction 

A  principal  concern  in  implementation  of  precision  active  vibration  control  systems  for  sup¬ 
pression  and  isolation  in  structures  is  the  computational  complexity  for  reaPime,  multichannel 
control  processing.  Recursive  algorithms  for  realization  of  multichannel  control  laws  can  be 
readily  designed  from  finite  dimensional,  state  space  models  for  structure'  flexure.  For  wide 
band  vibration  control  in  structures,  model-based  control  law  optimizatica  is  typically  obtained 
for  reduced  order  models  of  the  structural  flexure.  Reduced  models  obtained  from  finite  ele¬ 
ment  analysis,  are  typically  characterized  by  poor  frequency  resolution  relative  to  the  modal 
characteristics  of  a  control  configured  structure.  As  a  result,  standard  optimal  control  design 
methods  are  difficult  to  use  for  vibration  control. 

An  alternate  computational  approach  is  to  use  direct  measurement  of  system  frequency  re¬ 
sponses  for  vibration  control  optimization.  Tradeoffs  in  algorithm  design  can  be  assessed  based 
on  Wiener-Hopf  optimal  control  methods  for  the  high,  modal  density  structural  response  to 
wide  band  disturbance  excitation  [1,  2,  3,  4].  The  computationed  methods  employed  in  this 
work  offer  cin  approach  to  optimization  of  vibration  control  for  irrational  transfer  functions 
arising  in  distributed  parameter  models  for  structuraj  flexure  [4].  An  optimal  controller  can  be 
specified  via  a  sampled  data  transfer  function.  The  project  described  herein  has  the  objective  to 
validate  active  vibration  control  laws  using  realtime  processing  based  on  the  frequency  response 
optimization.  Vibration  control  designs  usin„  realtime  processing,  based  on  Finite  Impulse  Re¬ 
sponse  (FIR)  algorithms,  are  currently  being  evaluated  using  a  dedicated  workstation  which 
uses  special  purpose  Digital  Signal  Processors  (DSP)  for  the  realtime  control  implementation. 

In  this  paper  we  highlight  the  basis  for  design  of  vibration  control  in  structures  using  frequency 
sampled  data.  Next  we  describe  the  functionality  of  a  workstation  for  design  and  development  of 
vibration  control  laws.  We  then  provide  overview  of  a  benchmark  vibration  control  experiment. 
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A  Control  Architecture  for  Vibration  Suppression 

An  architect  ,'re  for  active  vibration  suppression  which  includes  both  feedback  from  downstream 
sensors  and  feedforward  from  upstream  sensors  is  shown  in  Figure  1.  Table  1  summarizes 
nomenclature  for  the  signals  and  system  model. 


Table  1:  Nomenclature 
System  transfer  functions 
P[3)  =:commanded  control  force  to  down¬ 
stream  sensor 

Po(s) ^disturbance  force  to  downstream  sen¬ 
sor 

f  „(s)  =  (lisiuibance  force  to  upstream  sensor 
C(s)  ^control  .  cess 
if (s)  =feedforward  compensator 
Control  loop  signals 
d  -disturbance  force 
r  =:control  command 
yj,  -downstream  sensor  measurement 
Uui  =  upstream  sensor  measurements 


Control  Law  Tradeoff  via  Wiener- Hopf  Optimization 

Important,  quantitative  tradeoffs  in  the  design  of  the  control  processing  can  be  addressed 
using  Wiener- Hopf  optimal  control  methods.  For  vibration  suppression,  the  Wiener  control 
objective  is  to  minimize  an  averaged  downstream  displacement  e  given  downstream  y^,  (and 
possible  upstream;  i  e.,  feedforward)  velocity  measmements  (3/u») 

^  e‘(a/)e(u;)clui| 

subject  to  a  pi  ver-like  constraint  on  the  control,  r. 

The  tradeolf  of  vibration  suppression  vs.  control  saturation  is  resolved  by  solving  a  Wiener-Hopf 
control  problem  [1,  2]  that  identifies  a  controller  C  which  minimizes  Qt  subject  to  constraint 
on  Q,.  This  is  equivalent  to  minimizing  the  cost:  Q  —  Qt  +  pQ,  over  all  controllers  which 
maintain  closed  loop  stability,  where  /i  >  0  is  a  Lagrange  multiplier  to  be  chosen  during  design. 


A  workstation  for  design  and  testing  of  DSP  vibration  control 

A  workstation  for  design,  development,  and  testing  of  DSP-based  vibration  control  is  imder 
development  at  TSI.  The  workstation  supports  all  phases  of  the  engineering  design  cycle  for 
development  of  realtime  processing  for  vibration  control:  1)  system  frequency  response  esti¬ 
mation  from  finite  element  models  and  empirical  measurments,  2)  control  law  optimization, 
3)  realtime  control  algorithm  design  for  DSP  implementation,  4)  control  system  simulation. 
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ajid  5)  experimental  (hardw.-e  in-the-loop)  evaluation  and  testing.  Workstation  functionality 
is  provided  by  software  for  control  system  simulation  that  supports  an  interactive,  graphical 
interface  for  control  configuration,  data  analysis  and  display.  The  software  system  runs  on  a 
host  Everex  38G  microcomputer  equipped  with  two  AT&T  DSP32C  boards  each  capable  of 
25MFLOPS  of  computational  throughput  The  control  simulator  functions  in  both  simulator 
and  test  modes.  In  simulator  mode,  the  dual  DSP  architecture  is  used  to  emulate  vibration 
control  system  data  interactions  by  simulating  plant  and  controller  dynamics  asynchronously 
on  separate  processors.  Data  is  transferred  through  the  host’s  data  bus  and  any  desired  control 
channel  can  be  monitored  on  the  host  display.  In  test  mode,  a  software  activated  data  switch 
connects  the  dedicated  DSP  controller  through  a  multiple  channel,  data  acquisition  system  to 
actuator/sensor  interface  for  closed  loop  control.  Careful  attention  to  the  buffering  and  co¬ 
ordinated  handshaking  between  multiple  processors  and  data  acquistion  hardware  allows  the 
system  to  run  synchronously  at  data  rates  of  up  to  1000  KHz  for  16  control  channels  with 
transfers  of  up  to  500  bytes  of  data  and  permits  host  microcomputer  buffering  and  monitoring 
of  all  data  channels. 


A  Vibration  Suppression  Benchmark  Experiment 


The  vibration  control  workstation  is  currently  being  con¬ 
figured  for  interface  with  a  12  meter  truss  experiment 
at  WRDC,  Wright-Patterson  AFB.  The  experiment  plan 
will  use  inertial  actuators  (proof  mass  actuators)  to  sup¬ 
press  vibration  induced  motions  at  the  tip  of  the  12  meter 
verticle  truss  which  are  induced  by  proof  mass  actuators 
acting  at  mid  span.  A  vibration  control  algorithm  for 
the  12  meter  truss  experiment  has  been  designed.  The 
experiment  configuration  is  shown  in  Figure  2.  The  P- 
MA's  at  mid-station  on  the  truss  are  to  be  used  to  ex¬ 
cite  the  structure  with  a  narrowband  disturbance  near  its 
first  bending  mode.  Actuators  at  the  tip  station  will  be 
used  for  active  vibration  suppression.  The  sensors  include 
upstream  measurements  from  the  accelerometers  at  mid¬ 
station  and  feedback  from  the  tip  accelerometers.  The 
objective  is  to  suppress  the  deflection  of  the  tip.  The 
plant  transfer  function  (PMA  control  commmand  to  dis¬ 
placement  rate  at  tip  station  for  X-Z  plane  bending)  is 
shown  in  F'igiire  3.  The  downstream  tru.ss  response  is 
dominated  by  modes  given  in  Table  2. 


Table  2;  Truss  Flexure  Modes 


Frequency 

Mode  description 

0.983  Hz 

1.770 

8.450 

19-390 

29.310 

Actuator 

First  X-Z  Bending 
Second  X-Z  Bending 
Third  X-Z  Bending 
Fourth  X-Z  Bending 

Figure  3;  Downstream  Transfer  Function 
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Vibration  Control  Tradeoff  Analysis 


A  suppression  vs  actuator  saturation  tradeof- 
f  analysis  was  performed  using  the  Wiener- 
Hopf  computation.  The  results,  summarized  in 
Figure  5,  show  that  0.07  v  rms  (correspond¬ 
ing  to  0.05  in)  displacement  can  be  maintained 
with  maximum  actuator  power  (1  lb  rms)  for  a 
narrowband  disturbance  centered  near  the  first 
bending  mode  of  the  truss. 

Frequency  Sampled  Controller 

The  Wiener-Hopf  computation  identifies  an  op¬ 
timal  controller  for  the  vibration  suppression 
problem  as  a  sampled  data  transfer  function 
as  shown  in  Figure  5.  The  Figure  compares 
the  sample  data  computation  for  200  Hz  band¬ 
width  with  1024  sample  points  with  a  state  s- 
pace  approach  computed  based  on  a  reduced 
order  model  for  the  truss  X-Z  bending  response 
including  the  first  5  modes  as  in  Table  2. 
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Figure  4:  Cost  tradeoff 
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Figure  5:  Controller  Transfer  Functio'rl'^”'^'"’'  ' 


Workstation  Simulation  Mode 


workstation  simulation  mode  for 
the  truss  vibration  problem  uses 
separate  models  for  truss  bend¬ 
ing  response,  narrowband  dis¬ 
turbance  generation,  and  con- 1 
trol  processing.  The  truss  bend¬ 
ing  response  i.s  simulated  using 
a  21  mode  truss  model.  Fig¬ 
ure  t)  shows  the  workstation  sim¬ 
ulator  program  interface  for  con¬ 
trol  channel  configuration  used 
fir  this  experiment.  The  inter¬ 
face  interface  functions  as  a  vir¬ 
tual  patch  panel. 


Figure  6:  Interconnect  Program  Window 


Boxes  are  dispbayei!  representing  system  components:  PLANTA2,  truss  bending  response. 
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M\ACTRL2,  the  control  process,  ncirrowband  disturbance,  and  M\AI  NT  EG  in¬ 

tegral  processing  for  sensor/control  law  interface.  A  function  generator,  FG\,  is  assigned  to 
generate  a  random,  white  noise  excitation  with  variance  of  14.14  volts. 


The  software  patch  panel  provides  virtual  cormections  under  user  control  via  keyboard  input. 
Each  “patch  cord”  is  progrcimmed  with  a  fixed  gain  and  includes  an  assigned  threshold  value 
for  detecting  unstable  responses  or  excessive  transients.  When  data  exceeds  the  progranuned 
thresholds  at  these  points  the  system  automatically  removes  the  comiection  and  displays  a 
warning. 


The  narrowband  distiubance 
model  drives  midspan  actuators. 
For  downstream  feedback  vibra¬ 
tion  control,  tip  velocity  sensors 
are  connected  to  an  integrator 
to  provide  displacement  signals 
to  the  control  process.  Displace¬ 
ments  are  summed  at  the  con¬ 
troller  input.  Another  function 
generator,  FG2,  is  assigned  to 
produce  white  noise  with  vari¬ 
ance  0,0424  volt  and  is  used  to 
simulate  sensor  measurment  er¬ 
ror  due  to  A/D  conversion.  The 
control  command  is  connected, 
using  a  patch  cord  providing  a 
gain  of  -1  (i.e.,  negative  feed¬ 
back). 

Data  signals  are  assigned  to  data 
display  windows  via  a  graphical 
display  and  user  interface.  Time 
traces,  X-Y  plots,  and  frequen¬ 
cy  response  windows  are  avail¬ 
able.  The  realtime  data  dis¬ 
play  for  closed  loop  simulated 
system  responses  for  the  con¬ 
trol  command  and  downstream 
velocity  is  shown  m  Figure  7. 
Time  history  is  displayed  in  the 
upper  window  with  an  optional 
RMS  counter  display.  Frequen¬ 
cy  responses  for  these  channels 
are  shown  in  the  lower  windows. 
The  frequency  responses  are  ob¬ 
tained  from  FFT  computation 
from  successive  records.  Open 
loop  simulations  are  shown  for 
comparison  in  Figure  8. 


Figure  7:  Closed  Loop  Simulation 


Figure  8:  Open  Loop  Simulation 
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Conclusions 

Direct  methods  for  Wiener-Hopf  optimization  offer  significant  advantages  for  vibration  control 
systems.  Sampled  data  methods  for  frequency  response  modeling  and  control  design  can  be 
integrated  to  support  development  of  active  vibration  control  for  structures  which  integrates 
both  feedback  and  feedforward  processing  of  from  available  sensors.  This  project  focuses  on 
validation  of  such  algorithms  using  a  workstation  to  support  the  frequency  response  tradeoff 
analysis,  design  and  simulation.  The  methods  employed  provide  frequency  response  measures  of 
known  value  in  analysis  and  design  of  closed  loop  control  systems.  The  workstation  enviromnent 
provides  maximum  flexibility  for  design,  simulation,  and  experimental  testing  with  a  graphical 
user  interface  for  ease  of  programming. 
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Modal  survey  and  test-analysis  correlation  of  a  multiply-configured  three-stage 
booster 
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Atist.ract.  I  hb  paiier  .U'srrili.'s  a  prarerhirr-  userl  to  proflin  f  a  test-validated  finite 
element  model  of  a  tliree-st;me  solid  propellant  booster  .system.  \  series  of  system-level 
niod.al  tests  were  performed  for  several  inert  anil  live  propellant  eonfigurations.  Test- 
analvsis  models  (  I.-WIs)  were  nsed  to  pia)vide  pret*;st  support  of  llte  live  propellant 
systf'in  ti'sts.  C 'ontidenee  in  tb»‘  meniel  was  establishes!  by  a  test-ana,lvsis  eorrelation 
proeednre.  Opt  imi/.at !•  m  te<  lmicnies  were  used  to  determine  appropriat e  morlel  updates. 


1.  Iiit.rtxluctioii 

A  1  liri  f'-.staift'  stiliil  prupi'llaiit  booster  systotii  ha.s  hocii  dtAadopeil  to  laiiiirli  a  variety 
nf  iiayloads,  Siirct'.ssfnl  design  of  the  booster  control  sysfcin  tiepends  upon  a  liigli 
Ir'Vcl  of  conliilence  in  tlic  accuracy  irf  t'last.ic  viltrafional  iiiodi's  jtredicttnl  by  the 
booster  analytical  nioilcl  for  a  niiniln'r  of  crifical  Higlil  times.  Dim  to  propidlatit 
bnrti  atid  staging  cvctits,  tlio  booster  cotifi.giiral ion  change.s  <lra.st icallv  from  the 
initial  to  the  final  design  titne  of  infert'st. 

.•\  three-dimensional  continimtn  fitiite  element  tnodel  (rivM)  of  the  booster  was 
assemlded  at  Sandia  Natiotial  I.aboratories  tising  si:|ierelpments  atid  rom|mti('nt 
tiioile  synthesis  ((’MS)  reduction  techniipies.  'I'he  model  is  to  be  usi'd  to  aiil  in 
the  booster  cuntrol  system  design,  as  well  as  in  the  performance  of  mission-specific 
payloail  loaifs  analyses.  TIk'  FE.M  was  developed  using  M.S( '/N  A.STK.A  .\  Wrsion 
fi.')  on  a  CHAA’/XMP  ainf  Version  t)f>  on  a  (’HA\/YMP  (MSC  PhSS).  I'lie  goal 
Ilf  the  modeling  effort  and  the  modal  test  seric-s  was  to  obtain  a  FEM  which  is 
eipially  validated  at  several  critical  flight  titnes  from  launch  until  third  stage  burti- 
ont,  rile  FEM  model  is  shown  in  Figure  1,  where  the  major  strurtiiral  comjionents 
are  liighlight ed .  Fliere  are  approximately  70,01)1)  degrees  of  freedom  (DOF)  iti 
the  ( unrediiceil )  model.  1  he  major  superelement.s  are  the  first  stage  motor,  tfie 
lst/2tid  interstage,  the  second  stage  motor,  the  shroud,  and  a  third  stage  collector. 
1  he  third  stage  collector  snperelement  (with  shroud)  is  shown  in  Figuri'  'L  It 

‘  Ibis  work  wMs  pcrformc'l  ,at  S.vniii.'i  N.vtioiial  b.alMU'atiiries  anil  .siippiirlvil  b\'  tbc  I  .  S. 
IV’partTimnt  nf  bncigv  imilnr  <  i  ml  r.art  DK- /\( '0  J-7fini*nn7Sl>. 
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i’igure  1:  Fiiiite  KIciiK'til  MocF'l  of  Boostor 


Figun- ’i:  Finite  lileiiient  Model  of  'Fliird  Stage 


i  Ilf  hides  a  sert  ion  of  ningne.siuin  alloy  skin,  a  frusi  iiin  from  t  he  skin  to  a  twelve-sided 
motor  enrlosnre  railed  tlu'  dodecagon,  a  payload  plate,  a  .single  payload  simulator 
(mofkup),  and  the  third  stage  motor.  'Fhis  motor  is  attached  at  the  junction  of  the 
dodecagon  and  the  frustum.  Booster  guidance  and  control  instrumentation  (such 
as  the  rate  gyro  and  IMF)  are  moiinti'd  to  dodecagon  surfaces.  A  vertical  hoist 
a.'semhiy  at  the  top  of  the  shroud  replaces  the  hooster  nose  ra|i  for  the  tests,  and 
is  represented  as  a  rigidly  connected  !um|)ed  ma.ss  in  tin'  mo. h  i. 

.Several  parameters  that  are  important  to  the  liuoster  hehavior  were  very  diflicult 
to  model  or  (.piantify.  Fhis  neci'ssitated  the  test-analysis  corn-lation  and  vi'rifica- 
tion  process,  dhe  first  and  second  stage  hooster  motor  cases  are  roughly  Hi)  years 
eild  1  hey  are  made  from  filament-wound  composite  .S-gla.ss  and  mannfact iireil  hy 
two  separate  suppliers.  The  material  specifications  atnl  composite  assemhiy  pro¬ 
cedures  for  these  motors  are  not  well  defined.  'Fheir  propellant  grains  are  also 
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(juilf'  cotiipli'X  The  propellant  is  a  visco-elastic  material  vvhcjse  properties  vary 
with  tPtnperat  lire,  freipiencv,  and  level  of  excitation.  This  is  in  addition  to  the  un¬ 
certainty  iti  propellant  dynamic  characteristics  which  has  resulted  from  the  aging 
proce.ss.  The  propellant  and  case  dynamical  projierties  must  he  accurately  deter¬ 
mined.  'fhe  recently  ileveloped  third  stage  motor  also  includes  a  composite  case 
(graphite  fiber).  The  new  third  stage  structure  and  solid  propellant  motor  have  yet 
to  he  flight-tested.  Hence,  the  ground  tests  provide  critically  important  data  for 
verifying  these  models. 

IT'cent  advance's  in  modal  test  procedures,  and  in  methods  for  test-analysis  cor¬ 
relation,  made  a  mult iple-coidigurat ion  approach  feasible  for  this  program.  Cor¬ 
relation  software  [irovided  by  Structural  Dynamics  Research  Corporation  (SDRC) 
has  lieen  u.s('d  successfully  on  a  number  of  programs  involving  both  inert  and  live 
propellants  (Flanigan  UIS7.  Rrillhart  ft  nl.  19H8<C  1990).  In  addition,  the  software 
IS  structured  in  such  a  way  that  multiple  booster  configurations  may  be  handled 
simultaneously. 

.■\  total  of  five  system-lev('l  tests  were  performed.  Three  tests  were  performed 
with  availabh'  hardware  and  ini'rt  pro|)<'llants,  to  obtain  a  maximum  amount  of 
structural  respons('  information  early  in  the  development  program.  Closer  to  first 
launch,  two  tests  were  performed  using  livi'  |)rope|lants.  A  separate  test  of  the 
mockup  payload  alone  was  also  perfornn'd.  Details  of  the  tests,  the  FEM  and 
'F.\M  mielel  devehipment ,  and  tin'  correlation  process  are  included  in  the  following 

sect  |(  Ills 


2.  IiK'i't  Pi’opt'llaiit  Tost  Sorit's 


.Schematic  diagrams  of  1  In-  three  all-iinTt  i>ro))el!ant  conligurat ions  appear  in  Fig¬ 
ure  ;!  Fhe  Configurations  represent  a  booster  at  first  stage  burnout  with  stage  1 
motor  nozzles  omitted  (  I’est  l(').  second  stage  ignition  (  lest  IB),  and  second  stage 
burnout  with  stage  2  tnotor  nozzles  omitted  ('Fest  lA),  An  tumnlar  'FVC  (thrust, 
vector  cniitrol)  tank,  monnii'd  to  the  aft  end  of  the  second  stage  motor  in  a  true 
llight  unit,  was  tiol  present  for  any  of  the  all-inert  tests,  Ffir  each  test,  free-free 
Conditions  were  closely  .approximated  by  suspending  the  booster  vertically  from  an 
ove  rhead  bridge  crane  with  a  long  llexilde  strap  connecti'd  to  the  vertical  hoist  ;is- 
sembly.  A  photograidi  of  the  first  stage  burnout  configuration  test  (1C)  is  shown 
m  Figure  1, 

J.  J,  I’t  7  fcnmni  ff 

For  the  It'  conligiiration.  ten  gluiial  modes  and  seven  shell  modes  of  the  I'lnpty 
first  stage  motor  case  (all  below  101)  Hz)  were  detertiiined .  For  the  global  modes, 
burst  random  excitation  with  30  to  fO  lb  force  peaks  w;»,s  achieved  using  two  .aO  lb 
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Test  lA  T,,,.t  IB 


I  -  Inert 
E  -  Empty 


IVst  If 

r  Schtinaf  jr  of  I tuTi  Modal  It'sis 


('IcclriHlyii.uiiii'  sliaki'rs  al  llu'  aft  jmiclBin  "f  tin-  (irsi  slai^i'  iiicalnr  casi'  and  skirt, 
riif’  shakiTs  vvi'rc’  arraiijiccl  to  l•xl■itl•  hi  iiiliiip;,  axial,  and  torsional  sysit'ii  i  !'.di's. 
A  liniited  noidini’arity  rln’ck  was  iii'rfornnal  nsinn  two  in|nil  foro'  li'vi'ls,  witli  a 
sine  wave  exeitatnin  tnnecl  to  prolnct'  a  !tll°  jihase  ilifrcience  ht'iwta'ii  the  force 
and  responsi'.  Besides  I'xtensive  fixetl  inti'rnal  insi  rniiient  at  ion ,  roviiiR  triaxinl  ar- 
celeroineters  Were  nsei|  f'verv  00°  aroimd  the  i.ooster  .at  iiniiK'rons  stations.  Shell 
inodt's  of  the  empty  motor  case  were  desired  to  ,.!|ow  arenrate  correlation  of  eipiiv- 
alent  orthotroi'ic  properties  for  the  lirst  stane  cas.’.  IBadial  excitation  was  provith'd 
with  an  impact  h.ammer,  .aR/iin  at  tin'  hottom  of  tin'  first  stap;e  motor  casi'.  The 
roving  acii-lerometers  wi’re  used  evi'ry  dl)°  around  tin-  circumference  for  this  test 

rhirteen  modes  were  found  for  the  IB  ronlignrat  ion,  using  an  impart  hammer 
ajiplied  at  two  locations;  the  junction  of  tin-  seroinl  stage  motor  forward  skirt  and 
the  third  stage  skin;  and.  at  the  bottom  of  the  second  stage  motor.  Bending  and 
torsional  modes  were  excited.  1  he  roving  tri.axial  accelerometers  were  placed  every 
1.")°  around  the  circumference. 

I'en  modes  were  found  for  the  lA  test  Burst  random  excitation  was  provided  by 
two  .at)  lb  shakers,  [daced  at  the  bottom  ■if  the  second  st.age  motor  so  as  to  excite 
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I  in'iri'  1  IniTi  Ml i(|al  I I'si  1  ( '  Si'l  11)1 


I'l'inImL,  ainl  l nr'-i' mal  iu>Hlrs  (iin  axial).  I  ln'  ruvinii  ai'i'rlt'n 'liii’l its  wrro  plaiTil 

lAiTV  '.Ml'  fur  till",  Irsl  , 


3.  Live  PropcUaiit  T<’st  Scrii's 


<  I  >,  tiiji 

I  111-  twii  li^t  I'l  inlii^ural  ii  ins  itivnlviiiK  livi’  jin  ijn'llanl  -iri'  shnwii  scln'iiiat  irally  in 
I  n^iiri  a  I  lii-M-  ri-pri  si-nl I'll  a  liimslt  r  :it  laiinrh  ( ri,i;hl .  li'sl  'JH)  anil  at  siTomi 
stall'  isniiiiin  (|i  ft.  hst  I’.A  ).  lur  tln-si'  Irsls,  only  tlm  tliiril  si  ac;!'  niulnr  |'rii|inllant 
was  iniTt  \a  iitliiT  nia|iir  ililfi  ri'in'i"-  I'xisiril  lii'lvvi'i  ii  thnsr  twn  ti-sl  n infij^nrat inns 
ami  an  a.  t  nal  (liyhl  unit . 
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Test  2D 


F  i);iiri’  5:  Sriit'iiialir  tif  Liv<'  Modal  losts 


I.J.  Slisp(  iisinn  Sjjslnii  Drsipi) 

riif'  linristiT  was  siispt'Milt’il  front  tin’  vi-rliral  lioist  asst'inbly  usiiif;  an  assi’iuhly 
of  straps,  rigiil  links,  pnlloys.  rafilns.  ami  a  liydrasct.  I  liis  snsponsion  system 
was  ;ittarh('d  to  the  Itoniii  of  a  t rnck-monnieil  liydranlic  rratie.  nnrins  pretest 
l  alibrat n Jtis  with  a  rigid  Itooster  tiitirknp,  the  suspension  system  w;is  found  to  have 
sigtiifiratit  ceini'litig  wit  h  the  booster.  Ill  pttrl  iciilar,  I  he  suspension  system  exit  ibil  ed 
several  tneides  whieh  were  rbtse  in  freipienry  to  the  expected  lowest  tiiissile  bending 
mode  at  launch  This  imlicated  that  the  suspension  wonhl  tiot  provide  ideal  free- 
free  isolation  of  the  test  article.  A  finite  element  moilel  of  the  suspension  system 
was  developed,  correlated  to  the  pretest  modal  data,  and  theti  altered  to  find  a 
configuration  which  would  minimize  the  effects  of  booster/snspension  couplitig.  I  he 
tratisverse  stiffness  of  the  sns|>ension  system  due  to  tin'  axial  load  was  modeled  using 
elastic  elements.  1  he  properties  of  these  elements  were  derived  using  the  analogous 
case  of  a  string  under  tensile  load  Inclusion  of  acceleromeiers  at  various  positions 
on  the  suspension  system  during  the  actual  tests  allowed  reliable  correlation  of  tin- 
iinal  booster/snspension  moilel. 
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i.  i.  Pnformariri 

riiri'i'  ('It'ct ri ulynHiiiir  stiaker?:  W('r<'  iisrd  in  tin'  launch  configuration  tost.  Two  100 
111  shakers  were  placeil  at  tin'  bottoni  of  the  first  stage  motor  to  excite  the  bending, 
axial,  and  torsional  modes.  A  oO  lb  shaker  at  the  bottom  of  the  second  stage 
motor  was  designed  to  aid  the  axial  and  bending  excitation.  This  shaker  was  found 
to  be  fairly  iiu'ffectual  because  of  lc>cal  flexibility  effects.  Burst  random  input  in 
the  range  from  S  to  til  Hz  was  used.  A  total  of  1.3  modes  were  found  between  S 
and  10  Hz.  with  no  strong  modes  above  that  frecinency  (perhaps  because  of  high 
damping  levels  in  the  test  artich').  I  he  observed  modes  included  four  which  were 
primarily  bending  in  nature  (occurring  in  pairs),  oiu'  torsional,  and  several  from 
the  suspension  system.  Rigid  body  and  snspi'iision  system  modes  below  the  first 
th'xible  biioster  modes  were  measured  separately  by  manually  ('xciting  the  booster. 
The  first  two  suspension  modes  were  I'xtracted  from  impact  data  on  the  suspension 
system. 

Two  lot)  lb  eh'ct  rody  namic  shaki'rs  wer<'  mounted  !)()°  apart  on  the  vertical  hoist 
assembly  and  used  to  excite  the  second  St  age  ignit  ion  configurat  ion .  A  eombination 
of  horizoiit al  anil  vertical  burst  random  input  was  used,  in  the  range  from  If)  to 
til  Hz,  1  his  input  was  successful  in  I'xciting  the  rigid  body  and  lower  suspension 
inoiles.  as  well  as  the  Ilexible  boosti'r  modi's.  Recordi'd  modes  above  11)  Hz  seeiiied 
to  be  atfei'ieil  by  iionlitK’ar  behavior,  perhaps  caused  by  poor  seat  iiig  and  rattling  of 
the  thiril  stage  motor  nozzle.  High  confidence  in  the  ex|>erimental  mode  shajies  was 
therefore  restricted  to  tlie  first  two  bending  modi's  in  t  his  test .  These  first  two  modal 
freipieneies  Were  ci  uisiderably  bi'low  t  he  corresponding  measurements  in  t  he  all-inert 
second  stage  ignition  test  (20  for  the  first  and  at)  ‘A  for  the  second).  Rossible 
sources  of  this  differeiici'  were  configuration  and  assembly  variat  ions  and  propellant 
propertu's.  i’ost-t('sl  compoiu'iit  weight  comparisons  suggest ed  an  apparent  \2.7  7i 
density  discrepancy  between  live  and  inert  second  stage  propellant. 

Sixteen  channels  of  data  were  simultaneously  recordi'd  for  each  configuration. 
The  dat.i  was  validated  by  using  reciprocity  checks  and  resyuthesis  of  frequency 
response  fii  net  ions  from  the  modal  para  met  ers  for  compari.sons  to  the  original  dat  a. 


4.  TAM  and  Pro- Tost,  Analysos 

.(  /.  /.l.U  lifK  k  Ill'll  in)  d 

:\  lest  .Analysis  Mod<'|  (  I'.AM)  is  a  reduced  order  repre.sentat  ion  of  a  finite  eiemeut 
model  (RKM).  r.AMs  can  be  useful  in  the  design  and  execution  of  modal  tests  on 
complex  structures.  An  accurate  lA  M  will  repre.sent  a  very  dose  approximation  to 
the  stiffuess  and  mass  properties  of  the  KFM.  The  'I'.A.M  provides  a  mathematical 
link  between  the  FFM  and  modal  test  results. 

d'wo  rlifferent  TAM  methods  were  used  at  the  M,S( '/N .ASTR .A \  residual  struc¬ 
ture  level  fur  mculal  analyses  of  the  live  ))ropeilant  test  configurations.  Static  reduc¬ 
tion  i  ( luy an  1  '.'it.”) )  was  iiscil  at  t  fie  componenl  level  in  each  case,  prior  t o  t he  residual 
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analysis.  Two  TAM  iiiolhods  wero  roiiipared  for  tho  rosidiial  analysis:  static  ro- 
diirtion  and  the  Improved  Redvired  System  (IRS)  method  (O'Callahan  1989).  The 
residual  structure  static  reduction  TA.M  was  found  to  he  inadequate  for  the  selected 
nnmlier  of  tneasuremt'iit  HOP.  Tln-refore,  final  pretest  results  were  nhtainefi  using 
the  IRS  method  for  the  residual  analysis. 

fhe  IR.S  procedure  is  ati  e.xtension  of  the  (Juyan  reduction  technitiue.  It  adjusts 
the  rednc('d  system  modal  matrices  to  include  knowledge  of  system  inertial  effects. 
I.i't  subscripts  'a'  and  ’d'  represent  activi'  (instrumented)  and  deleted  (noninstru- 
mented)  HOP,  and  let  and  ' — '  underscores  tienote  matrix  aiul  vector  quantities, 
respect ividy.  The  active  OOP  'a'  corri'spond  to  .\I.S(’/\.ASTFC4N  A-set  DOP  in  tin’ 
residual  strncturi’  T.A.M  model.  These  correspond  one-to-one  with  accelerometer 
chatitnds  used  in  the  live  prcqndlant  tests.  The  deleted  HOP  'd'  correspond  to  the 
.\iS(  7^ AS'I'RAN  B-set,  ('-set,  and  (^-s<'t  HOP  present  for  the  rr.snf/i/r;/ system  run. 
minus  tin-  .A-set  HOP.  and  n  =  o  +  d. 

The  residual  system  static  ecpiation,  may  he  |iartitioned  as: 


'['he  |oW('r  part  it  ion  of  p(|iiai  ion  ( 1 )  may  he  so|v«'d  for  A'^| .  the  displacements  of  t  he 
d(’leted  HOP: 


A',  =  -l< 


Id 


,  A'  + 1<  I  r'/  ' 

'  (la  a  -  <1(1  ( 


(-7 


(  onihming  Pqiiat  ion  (’2)  with  the  ident  ity  ,V  =  A'  in  a  singh'  part  it  ioned  eqiiat  icin, 
the  result  may  he  expressed  as: 


^s-^a  +  '^i 


(d) 


where  /'^  is  the  static  (iuyan  condensation  matrix,  and  S  js  a  ilisplacement 
adjustment  vector  ihn'  to  forces  acting  on  the  ileletc-d  DOP.  Tin'  n  x  n  matrix 
may  he  I'xpressed  as: 


T 

'  S 


■  /aa  ■ 

Sla 

t 

-s 

(d) 


where  /  IS  the  ii  X  II  idenlitv  matrix,  and  I  is  of  size  il  x  n.  Pin'  inertia  forces 
-aa  •  -s 

•It  the  deleted  |){)P  are  reclist rihuted  to  the  active  OOP  hy  the  IR.S  formulation 
riiis  allows  Pqnation  Ctj  to  he  expressed  as: 
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where 


-aa 
^s  +  'c 


(6) 


is  the  IRS  rondensation  matrix,  and  the  expression  for  contains  the  (iuyan 
reduced  system  stiffness  and  mass  matrices  K ,  and  M  : 


'-d 


=  ^>dd- 


■'^da+  "^-^dd  U 


M 


-1 


(") 


The  IRS  reduced  system  stiffness  and  mass  matrices  are  given  by  A,^'  =  ^i^^'n^i 
and  =  7’|^T/pT'j,  respectively. 


/f.d.  Livr  rroprllanl  ('3A/2B)  Prr-Tcst  Analyxts 

The  TAM  model  for  test  2B  (not  including  the  suspension  system)  included  n  =  224 
DOF  The  TAM  model  for  test  2A  (not  including  the  suspension  system)  incliidf'cl 
II  =  152  DOF,  a  subset  of  those  for  the  2B  TAM.  A  common  global  cylindrical 
coordinate  system  was  u.sed  for  both  the  TAM  and  test  DOF.  Orthogonality  and 
cross-orthogonality  checks  between  the  FEM  and  TAM  modes  w’ere  \ised  prior  to 
the  tests  to  verify  the  accuracy  of  the  TAM.  The  fidelity  of  the  TAM  indicated  that 
all  modes  of  interest  would  be  accurately  measured  using  the  chosen  accelerometer 
distribution. 

(■sing  the  FEM,  frecpiency  response  functions  (FRFs)  were  computed  for  every 
I'AM  accelerometer  channel,  using  several  potential  exciter  locations.  The  analyti¬ 
cal  FRFs  were  used  to  compute  mode  indicator  functions  (MIFs)  and  multivariate 
mode  indicator  fvinctions  (MMlFs).  Review  of  this  data,  along  with  a  careful  ex¬ 
amination  of  preliminary  FEM  mode  shapes,  allowed  each  exciter  location  to  be 
evaluated  prior  to  the  tests.  All  booster  modes  of  interest  were  successfully  excited. 


5.  Model  Correlation 

Numerous  researchers  have  used  identification  procedures  to  correlate  structural 
models  with  the  results  of  modal  tests  (Collins  el  al.  1974,  Hart  and  Martinez 
1982,  Came  and  Martinez  1987,  Allen  and  Martinez  1990,  Imregun  and  Vissrr 
1991).  I  bis  section  summarizes  the  use  of  design  sensitivity  data  from  the  FEM  in 
conjunction  with  optimization  techniques  for  performing  test-analysis  correlation 
via  model  paratnefer  updating. 

5.1.  ('orrrlatinn  I'.iing  Dr.<itgn  Sen.'iiltvity  (CORDS) 

.MSC/.\A,STRAN'  provides  a  Design  Sensitivity  Analy.sis  (DSA)  capability  which 
calculates  the  sensitivity  of  modal  frequencies  to  (small)  changes  in  model  param¬ 
eters.  such  as  material  and  cross-sectional  properties.  This  information  is  usebil 
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ill  ilctcrtiiinitij!;  tin'  aiipropriato  set  of  iiiudol  updates  to  arliieve  test-analysis  ror- 
rrlatliiii.  riie  rorrelatinn  software  CORDS  ( Flatiigan  Ift.ST)  organizes  this  data 
and  utilizes  optiniizatinn  l('fhniques  to  deterniiiie  parameter  rhanges.  The  prolili'm 
formuiat loll  is  briefly  reviewed  here. 

do  a  first  rirder  appn  ximat ion ,  tin'  change  in  each  freipiency  (/,  )  due  to  rhanges 
in  parameti'r  valin's  i.e 

n 

=  rr^'  A 

j=i 

Where  l),j  is  the  design  sensitivity  of  /,  to  a  change  in  paratneteu  pj.  D,,  is 
iintiicTically  ecpi.al  to  the  derivative  4^. 

Since  this  I'.xpression  is  only  valiil  in  a  neighliorhood  of  the  noiiiitial  values  (i.e. 
for  small  parameter  changes)  overall  conver.e  ice  is  ofti'ii  improved  hy  rolling  olf 
the  effect  of  fiaratlieter  chaipges: 

_  rei't.;  .. 

riie  perfortiiaiice  inde.x  is  ilefitied  as: 

pM...;  _  flsr,;  >1 

r  P.4'  +  - V(»r;-||6p,||)} 

>-]  J  =  \ 

dins  i,-  fh'  ohiertive  o.nction  to  he  miiiitiiizi'd  ilnring  I  he  o|Uimizatic)n.  Idle 

i  —  I . rii  are  the  target  frequencies  from  the  test  data.  Individual  wi'ights  ( tr/ . 

a'  )  and  overtdl  weights  (U  -^.  IT'’)  are  defined  for  both  fre()iienry  I'rrors  (/)  and 
parameter  pertiirhaf ions  (/>}  Increasing  the  weights  on  frequency  errors  indicates 
greater  coutidenci'  in  the  test  data.  Iticreasiiig  the  weights  on  paratiieter  chatiges 
ttidicates  greati'r  conlidenct'  in  the  initial  pro|)ert\  values.  Adjusting  the  weights 
to  achieve  a  satisfactory  t  raih  -off  hetween  matching  the  test  data  atid  making 
juslitiahle  model  changes  is  a  ‘rtal  and  error  pr'.cess  requiring  mtich  engineering 
jiidgement . 

Idle  above  equation  for  applies  for  a  single  configuration  (e  g.  '2A).  for  si- 
multatieoiis  correlation  tising  midtiple  conligura*  ions  (e.g.  "iA  ■*.  2H),  tlie  above 
relations  are  still  ap|ilicable  If  .  configitrations  are  to  be  simultaneously  corre¬ 
lated  the  following  inter|>r<  tat  ion  is  appropriate:  concatenate  the  fretpiency  error 
terms  stich  that  in  =  iii/  +  in//  +  +  »i  and  fortti  tlu-  union  of  the  parameter 

vartatmii  terms  such  that  n  <  n  /  +  n  /  /  +  ■  ■  ■  +  ii\  .  1  hat  is.  some  parameters  may 
be  com, non  to  more  than  oni  configuration. 

Idle  (  OHDS  software  is  designed  to  handh'  the  multijile  configuration  case 
Since  frequency  data  alone  is  used,  the  parameters  available  for  adjustment  gener¬ 
ally  e.utnntnber  the  data  to  be  niatched.  Individual  cotiipeuieiit  ti'sts  which  isolate 
spt'cific  structural  elemi  nts  along  with  sitiiulianeoiis  multiple  mnligtirat inn  orrela- 
tion  \  lehls  a  consistf  iit  and  iiniipie  set  of  parameter  updates.  1  he  current  systi'iri 
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is  sonii'wliat  iniiili'lable  a  priori  ami  tlie  inoilos  aro  oasy  lo  coiiiiin'in'nd .  For  niori- 
I'liall.'nKin^  systems,  inrludiug  some  of  the  hitiire  payload  systems  which  will  fly 
on  this  hooster.  additional  measures  are  reipiireil.  Advaiicecl  system  identihcal  ion 
terhni'pies  are  cnrrenily  under  development.  Fhese  methods  utilize  shape  data, 
freipn-ncv  response'  data,  local  strain  data,  and  slalisliral  data.  The  challenge  lies 
in  inte  rfacing  tln'se  nn'tliods  with  I'F.M  models  .and  applying  them  to  iiractical 
SVSt  eaiis. 


a.J.  I'fUiliKid  Miickti])  /cs/s 

1  In'  pavload  mockiip  is  centeTe'd  ein  the  payload  [date  ainl  is  attaclii’d  at  fenir  loca¬ 
tions  using  "fi'et  .  In  tin'  F  F  M  ,  l  liesi'  fi'i'i  are  modeled  as  eepii  vah'iit  liars  ceiniiect  ee.i 
to  rigiel  eh-meiits  which  cove  r  the  footprint.  A  lixed-hase  payload  lest  inclmliiig  tin' 
ai  l  n;d  payloail  plate'  was  pi  rformi'd  to  ohi.ain  dat.a  ean  piayload  attaclmii'iit  llexihil- 
ity.  .Mthoiigh  tin'  assemhly  is  symmi't  ric,  not  icahh' separttt  ion  in  the  freipieiicies  cif 
orthogomtl  lirst  In mling  iiioeh's  occiired.  Siihse'ipii'iit  investigation  iinlir.'iteel  that 
the  liexihility  of  tin'  pay loael/h'e't  rnnin'ction  is  In'tivily  di'pe'inlt'nt  on  the  pri'leaad 
ainl  ttssiiiildy  jiroi’ciliiris.  inclinrnig  orie'ntal  ie  a;  .After  mitigating  tln'se  elfi'cis  a 
I'l'pri  leliicilih'  I'oiilignrai  ion  was  ohtaini'<l.  fills  conlignrctt  ion  was  iisi'd  in  tin'  live' 
pro| ii'llant  te  sts.  1  igiiti'  fi  eh  pn'ts  tin'  f  FM  mode's  for  the  lixe'd-hase  paylotn.l  ti'st 


(itstng  .1  ilisphiv  Mi'ieli'l  simthif  to  tin’  t  rai'e'  litiks  iisi-d  to  cot.in'i'l  ae'ci'h'rotiii’te'r  lo- 
I'lllotls  for  eli.'iplay  ing  tllinlal  te'st  shape’s).  I  In-  In’epie’nrie's  eif  tin-  e'orrelat  I'el  1' f,  .\1 
are'  I'otiipareil  wtth  t|n’  te’st  ilata  in  lalih'  1.  1  he'  fre’e|iie'inie's  o|  tin’  lirst  lie’tnling 
mo'ii’  pair  agre  e’  to  withiti  ttiitcii  less  tli.'in  \'A  .  feir  rompariseiii .  an  initi.al  tiioeli  l 
( sv timii’t  rii-  atiel  hase  il  soh'l>  on  .isse-mbly  elrawings)  I'xhihiti-el  e'rmrs  in  lirst  he'tielttig 
rre'ipie'ticii's  I  if  (i-  I  \'/l  . 


e  t  /'hrs/  Al'i'/i  Shill  Mmirs 

rin'  iin  ri  te-sts  w  r'-  use  fnl  m  ile  signing  tin’  live'  tests  ami  as  a  seatree  of  e  .-trly.  pre- 
liminar\  'lata  I  miriaintns  in  tli'-  [layleia'l  at tachttii’iil  lle-xilnlit y  atnl  tin'  ttn  rl 
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Table  1:  Mockup  Payload  Fretjiiencies 


FEM 

Test 

A  % 

Description 

26.32 

26.30 

-F.08 

P'  Bending,  Soft 

27.79 

27.80 

-.04 

I''  Bending,  .Stiff 

98.43 

98.00 

-t-.44 

Torsion 

135.9 

139.6 

-2.7 

Axial 

164.7 

162.0 

+  1.7 

2"'*  Bending,  Soft 

1  172.2 

163.5 

+5.3 

2”'^  Bending,  Stiff 

Table  2:  First  Stage  Shell  Mode  Frequencies 


FEM 

Test 

A  % 

Mode 

39.9 

39.7 

+.50 

3.0 

48.1 

49.3 

-2.4 

4,0 

54.4 

54.8 

-.73 

2,0 

73.3 

74.0 

-.95 

5.0 

79.5 

78.1 

+  1.8 

4,1 

88.0 

86.6 

+  1.6 

5.1 

96.3 

97.1 

-.82 

3,1 

propellant  properties  precluded  using  this  data  for  C|uantit.ative  correlation.  How¬ 
ever.  seven  orthogonal  pairs  of  shell  modes  for  the  empty  first,  stage  were  obtained. 
I  hese  modes  are  not  heavily  inHuenced  by  the  uncertainties  cited  above.  Two  of 
these  modes  (FEM  and  test)  are  depicted  in  Figure  7.  The  indices  (tn.n)  indicate 
the  number  of  sine  waves  in  the  circumferential  direction  and  the  number  of  nodal 
lines  in  the  longit lulinal  direction,  res|)ectively.  Tin'  fretpiencies  of  the  correlated 
FEM  are  compared  with  the  test  data  in  Table  2.  The  average  frequency  error  of 
the  seven  shell  modes  is  1.3  %.  For  comparison,  the  average  fretpiency  error  of  the 
initial  model  was  11  %.  The  case  properties  changed  up  to  20  %  from  the  initial 
est iniates. 

I.irr  I’roprllarit  Tests 

I  he  live  pro|n’llant  tests  were  the  main  focus  of  the  model  verification  effort.  7'hese 
tests  were  conducted  at  the  launch  facility  using  actual  flight  hardware  for  all 
systems  except  the  third  stage  motor.  As  jirevionsly  noted,  the  susi)ension  system 
was  desigried  within  the  constraints  of  the  facility  to  alleviate  coupling  with  the 
missile  modes,  d'he  suspension  system  is  modeled  explicitly  in  the  FEM  using 
a  combination  of  masses,  rigid  links,  and  elastic  elements  representing  rotational 
connect  ions  and  the  transverse  stiffness  due  to  axial  loading,  ,Separate  data  for  the 
lower  motles  of  the  suspension  system  were  used  to  obtain  initial  estimates  of  the 
suspension  system  properties.  These  parameters  were  retained  as  variables  in  the 
overall  correlation. 

Configurations  representing  second  stage  ignition  (2A)  and  launch  (2B)  were 
used  in  a  simultaneous  test-analysis  correlation.  The  structural  parameters  of  the 
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Figurn  7:  I>.st/FEM  1’'  Stage  Shell  Modes 


serotid  stage  and  above  are  common  to  both  cases.  The  2A/2B  suspension  system 
[laramefers  are  distinct  due  to  different  preloads.  High  confidence  was  placed  in  the 
payload  attachment  properties  and  the  first  stage  case  projierties  from  prior  com¬ 
ponent  test-analysis  correlation  results.  The  six  lowest  frecpiency  bending  modes 
are  depicted  in  Figure  8.  The  mode  shapes  are  depicted  in  pairs.  For  each  pair, 
the  test  shape  appears  on  the  left  and  the  FEM  shape  appears  on  the  right  .  The 
FEM  plots  utilize  a  display  model,  which  is  comprised  of  straight-line  connections 
between  selected  nodes  (corresponding  roughly  to  accelerometer  locations).  The 
display  models  have  a  circumferential  node  spacing  of  45“  while  the  test  accelerom¬ 
eter  Slicing  is  90°.  The  suspension  system  is  also  shown.  Some  of  tlie  apparent 
difference  in  its  motion  (test  vs  FEM)  is  due  to  two  factors:  (1)  the  test  data  in¬ 
cludes  transv.^rse  degrees  of  freedom  only  and  (2)  some  accelerometers  are  located 
within  "rigid”  elements  rather  than  at  the  boundaries. 

The  fre(]uencies  of  the  correlated  FEM  are  compared  with  the  test  data  in  Fable 
3  (the  asterisks  denote  modes  depicted  in  Figure  8).  The  first  bending  modes  are 
the  most  significant  for  control  design,  particularly  for  first  stage  burn.  The  results 
indicate  a  frequency  correlation  error  for  these  modes  of  less  than  1%  for  first  stage 
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Test  FEM  Test  FEM 


18  60  Hz  18  32  Hz  12.19  Hz  12.22  Hz  18.83  Hz  18.93  Hz 

(  idlin'  S:  Tf  st/FEM  ( 'onligiiral  ion  2A/‘2M  F^nnding  Modes 


litirii  and  less  than  2''A  for  si'ri.ind  stage  burn.  This  compares  with  initial  errors  on 
tile  order  III'  1(1  prior  to  the  overall  test-analysis  correlation  process.  The  larger 
part  of  this  ove  rall  im|)rovement  is  dtie  to  the  component  correlation  (payload  and 
.'^liell  modes).  'I'Ik'  final  2-d  'X  retinement  is  due  to  the  2z\/‘2B  data  correlation. 
'I'his  implies  that  errors  in  the  initial  estimates  of  the  first  stage  case  properties 
and  the  [layload  tlexibilit  ies  were  the  largest  source  of  uncertainty. 

G.  Siiiamary  an<l  Conclusiuns 

'fills  paper  presr-nted  the  results  of  a  model  verification  and  crjrrelation  effort  for  a 
mnlti|ile  configuration  booster  system.  A  series  of  inert  propellant  tests  were  per¬ 
formed  early  in  the  program  to  provide  timely  iireliminary  data.  Experience  from 
these  tests  along  with  detailed  pre  test  analyses  led  to  a  successful  set  of  live  pro¬ 
pellant  tests  Morlal  data  from  several  configurations  were  used  to  ujidate  a  three- 
dmietisional  M,S(  /\ ,A.S  I  K  .A  N  finite  t'h  inent  model.  These  tests  included  payload 
n.iocLoip  eiiipi\  first  st -'tg*  she!!,  !!ve  proprdlant  serrind  stage  ignition  and  live  pni- 
pellant  launch  configurations  for  each  mission,  test- veri fieri  payload  models  are 
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Talilo  .'1:  ( 'oufiguratioiis  2A  and  2B  Protiueiicies 
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produri'd  and  coiiplt'd  Ic;)  t  lu'  validated  boostf'r  system  ino<bd.  This  provides  timely, 
effirient.  and  arciirate  predict ioti  of  the  .syslimi  modal  rharacterist ics  tlirongliont 
the  flight  trajf'ctory. 
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ABSTRACT  :  Three  available  methods  for  calculation  of  vibration  mode  shape  sensitivities 
and  a  new  method  developed  by  the  authors  are  compared.  These  four  methods  include 
the  Nelson’s  Simplified  Method  (NSM),  Implicit  Modal  Superposition  Method  (IMSM), 
Direct  Reduced  Basis  Method  (DRBM),  and  Indirect  Reduced  Basis  Method  (IRBM).  The 
methods  were  implemented  in  the  general  purpose  MSC/NASTRAN  finite-element 
program.  The  efficiency  and  accuracy  of  the  four  methods  were  compared  using  a  1000- 
node  sample  truck  model  having  46  design  parameters.  Efficiency  were  compared  based 
on  central  processor  unit  (CPU)  time  needed  by  each  method.  The  accuracy  was  compared 
with  reference  to  the  NSM  results.  It  was  found  that  the  IMSM  proposed  by  Wang  is  the 
most  efficient  and  accurate  method. 

1  .  Introduction 

Frequency  and  mode  shape  sensitivities  are  often  needed  in  a  process  involving  calibration  or 
design  optimization  of  a  dynamic  structural  model.  Either  process  uses  an  optimization 
scheme  in  which  the  sensitivity  coefficients  can  be  used  to  reduce  the  number  of  iterations 
needed  to  obtain  a  solution  for  optimum  changes  in  design  variables.  Unlike  mode  shape 
sensitivities,  frequency  sensitivities  involve  minor  computational  effort.  The  earlier  work  by 
Fox  and  Kapoor  (1968)  provided  the  formulation  for  calculation  of  frequency  sensitivities 
while  the  formulation  given  for  mode  shape  sensitivities  suffered  from  inaccuracy.  Nelson 
(1976)  suggested  an  exact  method  for  mode  shape  sensitivities  which  was  computationally 
intensive  since  it  required  one  decomposition  per  mode  of  interest.  The  Nelson's  Simplilied 
Method  (N.SM)  has  been  installed  on  MSC/NASTRAN  (1986)  and  it  proved  to  be  very 
expensive  for  su'uctures  having  several  thousands  of  degrees  of  freedom. 

In  the  search  for  a  method  more  computationally  efficient  than  the  NSM,  other  methods  have 
been  suggested  by  Ojalvo  (1986a,  1986b),  Wang  (1985,  1991).  These  methods  are  based  on 
finite-difference  or  modal  superposition.  Hagiwara  and  Nagabouchi  (1989)  suggested  an 
iterative  scheme  based  on  Gauss-Seidel  method.  Sutter  (1988)  compared  the  efficiency  of 
these  methods  on  two  small  structures.  However,  the  results  of  comparisons  are  not  valid  for 
workine-environment  structures  having  thousands  of  degrees  of  freedom.  The  purpose  of  the 
stin  L’sented  in  this  paper  is  : 
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1 .  To  develop  a  new  method  for  calculation  of  mode  shape  sensitivities  based  on  finite 
difference  method.  It  indirectly  calculates  the  modes  shapes  of  penurbed  structure  in  a 
reduced  space.  TTie  method  will  be  called  Indirect  Reduced  Basis  Method  (IRBM). 

2.  To  implement  the  three  methods  in  MSC/NASTRAN  using  Direct  Matrix  Abstraction 
Program  (DMAP).  These  methods  are  a)  the  Implicit  Modal  Superposition  Method 
(IMSM)  by  Wang(1991),  b)  Direct  Reduced  Basis  Method  (DRBM)  by  Wang  (1990), 
c)  the  Indirect  Reduced  Basis  Method  (IRBM)  developed  by  the  authors. 

3 .  To  compare  the  accuracy  and  efficiency  of  the  above  three  methods  with  the  NSM  using 
a  1000-node  sample  truck  model  having  46  design  parameters.  The  comparison  is  based 
on  central  processor  unit  (CPU)  time  needed  by  each  method.  The  accuracy  was 
compared  with  reference  to  the  NSM  results. 

2.  Summary  of  the  Methods 

2.1  Nelson’s  Simplified  Method  (NSM) 

The  eigenvalue  problem  for  the  baseline  structure  can  be  stated  as: 

([K| -XklMI)  (Okl  =0  0) 

where  K,  M,  3.^,  and  Ok  are  the  stiffness  matrix,  mass  matrix,  k’^  eigenvalue,  and  the  k'*’ 
mode  shape  of  the  baseline  structure,  respectively.  The  differentiation  of  Equation  (1)  with 
respect  to  design  variable  Xj  results  in  : 


izu 

(2) 

|Zkl=  !K|  ->.k  |M1 

(.3a) 

31Zkl  djKl  dlM) 

dxj  3xj  k 

c))vk 

-  dxt 

(3b) 

aiZki 

!Fk,l  =  -  ,5,  lOk) 

(3c) 

A  direct  solution  of  Equation  (2)  is  not  possible  since  |Zkl  is  a  singular  matrix.  The  NSM 
seeks  to  overcome  the  complication  associated  with  this  singularity. 

2.2  Implicit  Modal  Superposition  Method  (IMSM) 

In  modal  superposition  method  the  mode  shape  sensitivities  are  expressed  as  a  linear 
combination  of  the  mode  shapes  of  the  baseline  structure.  Then  the  problem  reduces  to 
finding  the  modal  contribution  factor  (MCE)  for  each  mode  of  the  baseline  structure.  Fox  and 
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Kapoor  (1968)  have  already  developed  the  equations  for  the  calculations  of  the  MCF.  In  the 
analysis  of  a  large  structure,  however,  limited  number  of  modes  are  extracted  in  the  normal 
modes  analysis  of  the  baseline  structure.  These  modes  are  typically  in  the  range  of  0-80  Hz 
for  structural  analysis  and  0-3(X)  Hz  for  acoustic-structural  analysis.  Therefore,  the  mode 
shape  sensitivities  suffer  from  the  inaccuracy  caused  by  modal  truncation  in  the  baseline 
structures,  Aurora  (1976)  and  Noor  (1974).  Recently.  Wang  (1991 )  suggested  a  method  to 
include  the  effects  of  the  higher  modes  which  are  not  extracted  in  the  normal  modes  analysis  of 
the  baseline  structure.  The  method  uses  a  mode-acceleration  type  approach,  Craig  (1981),  by 
using  a  static  solution  to  approximately  include  the  effects  of  the  higher  modes.  Wang's 
method  has  been  programmed  and  tested  in  this  study. 

2.3  Direct  Reduced  Basis  Method  (DRBM) 

In  finite  difference  methods,  the  concept  of  reanalysis  techniques  is  used  in  which  the  baseline 
structure  is  perturbed  with  slight  change  in  a  specific  design  parameter.  Then,  the  information 
from  moda.  analysis  of  the  baseline  structure  is  used  to  extract  the  mode  shapes  of  the 
perturbed  structure.  To  reduce  the  computational  efforts,  the  eigenvalue  problem  of  the 
perturbed  structure  can  be  projected  to  a  smaller  space  which  is  defined  by  ‘h’  mode  shapes 
available  from  the  normal  modes  analysis  of  the  baseline  structure.  Then,  the  reduced 
eigenvalue  problem  is  solved  using  any  available  method.  The  mode  shapes  of  the  perturbed 
structure  can  then  be  calculated  by  a  simple  back-transformation  from  the  smaller  space  to  the 
original  space.  Finally,  having  the  normalized  mode  shapes  of  the  baseline  and  perturbed 
structures,  the  finite  difference  method  can  be  used  to  approximately  calculate  the  mode  shape 
sensitivities  of  the  baseline  structure  with  respect  to  a  slight  change  in  a  specific  design 
parameter.  The  method  proposed  by  Wang  (1990)  was  programmed  in  MSC/NASTRAN  as  an 
attempt  to  include  the  effect  of  higher  truncated  modes.  However,  analysis  of  a  lOOO-node 
sample  problems  resulted  in  numerical  difficulties  during  eigenvalue  extraction  of  some 
modes.  Therefore,  it  was  decided  not  to  include  the  effects  of  higher  modes  since  more  work 
was  needed  to  resolve  the  numerical  problems  faced  during  the  eigenvalue  extraction  of  the 
reduced  problem. 

2.4  Indirect  Reduce  Basis  Method  (IRBM) 

Similar  to  the  DRBM,  the  mode  shapes  of  the  perturbed  structure  are  calculated  in  the  IRBM. 
However,  the  method  is  called  indirect  since  direct  solution  of  the  the  reduced  eigenvalue 
problem  is  not  sought.  The  detailed  development  of  the  method  will  be  published  in  another 
paper  and  will  not  be  presented  here  due  to  space  limitation. 
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3.  DMAP  Implementation  in  MSC/NASTRAN 

The  IMSM,  DRBM,  and  IRBM  were  implemented  in  Version  66  of  MSC/NASTRAN.  New 
DMAP  capabilities  of  Version  66  were  employed  to  simplify  the  logic  of  the  programs.  Each 
method  was  programmed  as  a  separate  solution  sequence.  Any  of  the  three  solution  sequences 
can  be  submitted  as  a  RESTART  from  a  normal  modes  analysis  using  Unstructured  Solution 
Sequence  (USS)  SOL  63.  The  only  restriction  is  that  the  normal  modes  analysis  of  the 
baseline  structure  should  use  the  mass  normalization  option.  The  data  deck  for  either  of  the 
three  developed  solution  sequences  is  identical  to  the  one  used  for  SOL  53.  However,  some 
new  parameters  are  added  which  control  different  options  in  the  software. 

4 .  Comparisons  for  Performance  and  Accuracy 

A  1000-node  finite  element  model  of  a  sample  truck  was  used  in  the  accuracy  and  performance 
test  of  the  three  methods  programmed  in  MSC/NASTRAN.  For  accuracy  test,  the  results  were 
compared  with  tho.se  from  the  NSM.  This  comparison  assumes  that  the  NSM  is  an  exact 
method.  This  assumption  becomes  more  valid  as  the  amount  of  change  in  the  design  variables 
becomes  smaller.  Therefore,  the  analyses  were  performed  for  a  5%  change  in  each  design 
variable.  Figure  1  shows  the  ratio  of  the  mode  shape  sensitivities  from  each  three  methods  to 
that  calculated  by  the  NSM.  These  data  are  presented  for  some  selective  degrees  of  freedom. 
The  results  of  the  analyses  indicated  that  the  IMSM  is  the  most  accurate  method  since  it 
incl.,des  the  effects  of  the  higher  modes  not  extracted  in  the  normal  modes  analysis  of  the 
baseline  structure. 

As  for  CPU  time  performance,  the  effect  of  the  number  of  design  variables  in  the  sensitivity 
analysis  was  studied.  Twenty  modes  were  included  in  all  sensitivity  analyses,  whereas  the 
number  of  design  variables  was  increased  in  subsequent  analyses.  The  CPU  time  needed  in 
each  analysis  were  compared  with  that  needed  by  the  NSM.  The  results  are  shown  in  Figure  2 
which  shows  the  ratio  of  the  CPU  time  needed  by  each  method  to  that  needed  by  the  NSM. 
The  figure  indicates  that  the  IMSM  takes  the  least  CPU  time  which  makes  it  the  most  efficient 
method.  The  superiority  of  the  IMSM  increases  as  the  number  of  design  variable  increases. 

Another  attempt  was  made  to  examine  how  the  CPU  time  performance  is  affected  by  the 
number  of  modes  included  in  the  sensitivity  analysis.  These  analyses  were  performed  for  20 
design  variables.  The  results  are  shown  in  Figure  3  and  they  again  indicate  that  the  IMSM  is 
the  most  efficient  method.  The  superiority  of  the  IMSM  increases  as  the  number  of  modes  of 
interest  increases. 
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5 .  CONCLUSION 

The  IMSM  proposed  by  Wang  (1991)  is  the  most  efficient  and  accurate  method.  It  requires 
1/12  of  the  CPU  time  needed  by  the  NSM  in  a  bench  mark  test  using  a  1000-node  sample 
truck  model  having  46  design  variables  and  including  the  first  20  modes  of  vibration. 
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Figure  1  -  Accuracy  of  the  IMSM,  DRBM,  and  IRBM  Results 


Figure  2  -  CPU  Performance  of  the  IMSM.  DRBM,  IRBM,  and  NSM 
for  Different  Number  of  Design  Variables 
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Figure  3  -  CPU  Performance  of  the  IMSM,  DRBM,  IRBM.  and  NSM 
for  Different  Number  Modes  of  Interest 
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Structural  identification  using  mathematical  optimization  within  a  production  finite 
element  analysis  code 


\I  S  K'A'ing 


wr.izi,-  ;..,;n.r;r-rv.  Wi.  FIBK  A  W- ;u!:-  I'.i.:.-!-.::  AFlv. 


ABSTRACT;  Mathc.iiaiical  . ir)tiin;/,a: i'.m  tochnicnu’s  have  been  used  to  identify 
physical  parartieters  u  hicli  deline  a  structural  finite  element  model.  Such  an  identi 
iicaiiori.  alternatively  ternu'd  finite  element  model  updatiim.  is  based  on  miniiniz- 
im:  one  of  a  nurTil,ier  of  <.f)jecttvc'  functions,  file  minitnizalion  is  carried  out  with 
constraints  on  the  differences  lietween  selected  analytical  and  experimental  free 
vibration  freciuencics  anti  inonnal)  mode  siiapes.  The  special  considerations  nec¬ 
essary  w  iien  iniegratina  ih.e  tec  imicpies  within  production  finite  element  analysis 
codes  are  discussed. 


1.  INTRODLCTIO.N 


Ituritis:  the  devcloDmerit  of  complicated  structures,  the  structural  analyst  is  often 
called  upon  fir  compare  a  (Usually  small)  set  of  measured  static  displacement  or  vihra 
tion  resfurrses  with  preilicted  responses.  This  almost  always  recpiires  the  mathematical 
model,  niosi  tt  picaliy  a  finite  element  model,  to  be  modified  i>r  "updated  In  many 
circles,  this  prtrcess  termed  "structural  identification'  since  "pnrper’  values  of  phys¬ 
ical  [nn1  modal!  C  rnstants  which  define  a  model  are  being  identified, 

.\  '  ide  varietv  of  techniciues  for  identifying  a  model's  physical  properties  h.  ve  been 
flevcl.  .peii  over  the  last  two  decades.  Numerous  surveys  of  such  methods  have  been 
written.  includiriE:  ,.n  excellent,  recent  survey  by  fnirc'Run  and  \  isser  (1991).  f  nfor 
tunatcly.  few  researchers  address  real  structures  and  those  who  'fo  generally  report 
modest  success.  I  his  is  true  because  of  the  difficultly  of  arriving  at  a  unipue  solution 
when  there  are  a  large  number  of  physical  variables  involved  (Berman  1971).  Many  re¬ 
searchers  have  chosen  to  concentrate  on  a  small  number  of  physical  variables,  especially 
those  associatef!  with  support  flexibilities. 

In  this  paper,  attention  is  given  to  techniques  which  can  be  used  to  update  finite 
element  models  in  terms  of  a  small  number  of  phy.tiral  pri'pertles  of  the  mode!  s  finite 
eiements.  In  'his  wav.  a  physical  understanding  of  necessary  model  changes  is  possible. 
In  contrast  u<  most  other  efforts  of  this  type,  mathematical  programming  techniques 
arc  ad'.ocated  for  the  identification  task. 
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2.  THE  IDENTIFICATION  PROBLEM 

1  h('  hiisis  of  iin(laiii[)i’d.  free  vihration  analysis  using  thu  finite  clemenl  method  is 

t  he  cquat  ii  m  of  rr  lot  ion : 


(A'  --  A  ,  M  )o  0  I  1 

where  A’  anrl  M  are  ihe  stiffness  and  mass  matrices.  A,  is  the  j''"  eigenvalue  (the 
square  of  t he  j'"  natural  frequency,  .v ,  j  and  o  is  the  /''  eigenvector  ( modeshape  Thi' 
degree  to  wliirh  the  analytical  results  match  e.xperiment al  (or  operational)  behavior 
are  strongly  dependent  on  the  romi)le.\.ity  (and  accuracy)  of  the  model. 


2.1.  Uiiantifving  Modelling  Error 


If  ;i  given  measured  mode.  <.■>  .  and  eigenvalue.  A.  are  introduced  into  equation  i  1  i 
in  place  of  tlieir  analytical  counterparts,  the  equation  will  not  lie  exactly  satisfied. 
I  he  deviation  from  zero,  or  what  has  been  called  the  ■'etiuaticui  errisr"  is  the  ba.sis  for 
many  update  methods.  An  alternative  method  of  measuring  error  is  to  quantify  the 
difference  between  measured  modal  properties  and  tiu.ise  predicted  by  an  analytical 
method  This  f\pe  of  error  is  often  ter.  ,ed  ''response  error":  alternatively,  the  term 
"output  ernsr"  is  used  since  the  tneasurenio’nt s  arc  the  output  of  a  (real  or  analytical'! 
sw-'t  ern. 

The  differences  in  the  i  quation  error  and  resi^onse  error  approaches  result  in  striking 
differences  in  the  tppr  o'  mathematical  difficulties  encountered  dtinng  an  update.  For 
an  et|ua‘ion  error  update,  it  is  dear  that  the  rmtnber  of  degrees  of  freedom  of  an 
experimental  m  'del  vviil  (practically  speaking)  always  be  less  than  the  number  in  an 
analytical  model.  1  herefore.  to  calctilate  the  equation  error,  either  tb.e  analytical  model 
must  be  reducerl  or  t  he  exyjeriment  al  model  must  be  expanded.  In  any  method  requiring 
sensitivities  of  mass  or  stiffness  matrices,  the  requirement  for  expansion  or  reduction 
sometimes  imposes  large  computational  penalties.  On  the  other  hand,  response  error 
Tuethods  will  at  most  require  expansion  of  eiger.vecrors.  This  would  be  required  in 
the  case  in  which  eigenvector  response  is  included  in  the  error  norm  or  a  performance 
cinstraint  (see  secticm  if)  and  when  the  derision  is  made  'o  compare  mode  shai^es  at 
other  than  measurement  degrees  of  freedom. 


2. '2.  Identification  Strateges 

Once  an  error  measure  has  been  defined,  a  decision  must  be  made  as  to  how  the 
model  will  be  updated  »o  reduce  the  error.  Early  techniques  focused  on  directly  chang 
ing  stiffness  and  mass  matrices,  term  by  term,  withou*  rega.  1  for  whether  or  not  th'- 
resulting  matrices  has  any  physical  basis  (Baruch  and  Itzhak  1978).  Such  an  update 
is  useful  if  the  model  is  onlv  to  be  u.-'cd  to  make  response  predictions  end  will  rot  be 
used  to  assess  the  effects  of  siibsequent  modifications  to  the  structure. 
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In  the  case  in  which  the  updated  model  will  be  used  to  assess  the  effect  of  structural 
modifications  or  different  boundary  conditions,  the  model  updating  must  be  performed 
with  attention  to  physically  realizeable  configurations  (Kabo  1985).  .Acceptable  meth¬ 
ods  inchide  those  in  which  physical  variables  such  as  thickness  and  cross-section  vari 
abh's  are  updated.  More  refined  techniques  allow  these  physical  variables  to  be  linked, 
thu.s  reducing  the  number  of  variables  and  at  the  same  time  recognizing  the  uniformity 
of  often  large  portions  of  stucturc. 

Historically,  the  most  popular  mathcmaiical  method  of  reducing  an  error  norm  i.s 
based  on  updating  mass  and  stiffness  matrices  by  amf)unts  determined  with  a  least - 
squares  (Berman  1985)  or  weighted  least -squares  technicpie,  such  as  Bayesian  estitna- 
tion  (Collins  d  al  1974),  The  singular  value  decomposition  (S\’D)  method  is  another 
possibility. 

Yet  another  alternative  is  to  pose  the  minimization  problem  as  a  mathematical  jtro- 
grarnming  problem  which  includes  the  cnhircement  of  constraints  on  phy.sical  param- 
ettrs  or  various  perforinarce  meastircs.  .Many  forms  of  mathematical  programriiinii 
techniques  are  possible  inchiding  sequential  (pjadratic  programnting.  the  method  of 
feasible  directions  and  at  least  a  half  a  dozen  others. 


3.  IDENTIFICATION  WITH  MATHEMATICAL  PROGRAMMING 


Consider  a  structural  finite  element  nu.'lc.l  with  physical  parameters,  r,.  as  well  as 
analytically  determined  nfide  shapes,  or  eigenvectors.  0  .  (with  individual  element  s.o‘’ ). 

and  natural  frequencies,  j,',.  (For  notational  c(.>nvenience.  A  j.-'.)  The  actual  struc¬ 
ture  has  physical  parameters,  r,.  mode  shapes,  o..  (with  itidividual  elements. o) ).  and 
natural  frequencies.  T,. 

To  identify  the  structure  in  terms  of  the  model's  physical  parameters,  the  following 
optimizatioi,  problem  may  be  solved.  .Minimize: 

.;  ^  .7,  .7.  ./., 

'a  a ;{  o'  1)'  -  bj  0-0  ■  —  ^  ej(r,  7-")^  -  d  (.1/  V  rn,)'  (2) 

.J  -  )  .1  : 

subject  to  the  constraints: 

-  1  <  f ,  for  j  1.2 . 7,  Cl) 

d>,  Oj'  ^  ''  fj  for  j  -  {  I) 

M  Yl"''  "  /or  j  1 .2.  ...J,  (5) 

’  —  I 

where,  for  example:  J,,  is  the  number  of  nattiral  frequency  errors  used  in  the  ol)  jerlive 
function  and  .  ,7,  is  the  number  of  frequency  constraints  used:  a,  is  a  weighting  far 
tor  which  reflects  the  confidence  the  analyst  has  in  the  j'^  natural  frequency;  (  ,  is  a 
small  number  chosen  to  (juantify  how  close  to  target  is  “close  enough  "  for  a  frequency 
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’ain! .  In  iirai  ticc.  only  one  of  ihc  suiiitnations  in  e((iiation  2  need  he  included  in 
'he  ohjective  fniutioii.  Likewise,  only  one  '’f  eonstraint  need  i)e  enforced.  C'oin- 

exiierinieni  s  with  simulaied  data  has  not  revealed  ('(.insistent  rules  for  selecting; 
'111  he-.:  ( oniiiintit  Ion  (.-f  ohiectlve  functions  and  constraints,  in  the  objective  function 
f  ',v::u;  and  K  i  a.  'iiay  1  hh  I  ,i. 

■\s  a  ■.:(!  any  mat  heniid  ical  o-pt  iini/ation.  the  sensitivities,  or  .siradients.  of  the  oh 
;ec:i\e  fniKiion  and  the  constraints  need  to  he  calculated.  In  previous  studies  by  the 
aiitlio-.  e,\t!ct  Gradients  were  foriiiiilnted  in  all  cases.  In  particular.  Nelson's  inethotl 
Nei.rii;  IdTlL  was  used  to  calculate  eigenvector  .aradietils.  It  is  well-known  that  exact 
•.ti-adient'  arc  (luiie  expensive  ci.imputationally.  hut  have  been  used  widely  due  to  a  hish 
le\e'  of  confidetKc  in  the  techni(|ue.  Other  more  eOicient  techniques  are  available  and 
'  lion  id  I'c  ex  nh  'fed  fu  rl  her. 


1.  [[)^:^TlFtC.VnO^  WITHIN  .N  PRODUCTION  FINITE  ELEMENT 
CODE 


(lencra!  pu.po-c  identiliciition  codes  based  on  the  finite  element  method  and  sttttis- 
■'(iil  !-i;m;ition  .are  available  'l..>ascotie  Iflfll!  or  under  development  ( llassehnan  and 
( ’ll  i-;>:  o'vski  lli'M.  Ojalvo  litshi,  |  he  author  iias  developed  a  test-bed  planar  frame, 
'imte  eienicn!  b;is('rl  Identification  Code  to  evaluate  the  performance  of  mathematical 
'.troerat’imim:  ’echiii(|ue.~,  I  bus  far.  :i  sequentitd  quadratic  programmin.ti  methcid  has 
i-eeii  nod  a'-  the  optiirii/er  fShittkowski  I'JThj.  .Numerous  "computer  experiments" 
liate  been  condiKied  to  provi'  the  worth  of  the  method,  including  linear  springs  in 
-.'■•ie.  I  f-.wine  ;itid  \'eiikayva  Ihhl  j  atid  an  intermediately  supported  beam  (Ewing  and 
KmIoiih;.  Ihhl  Uesnits  with  operational  data  on  the  response  of  a  tactical  missile  is 
for  t  ncotmm;,  .\  flow  chart  with  the  major  steps  required  ti.p  impiimenl  mathematical 
nr.  -era  ttimitn:  ident  ificiitiori  t  cchtiiques  wit  hit i  a  pn .'duct ion  finite  element  code  is  sliown 
on  ipe  PCX'  pane. 

lja>ed  'rii  experiences  with  the  aforementioned  research,  the  ai.thor  has  concluded 
llial  1  lie  most  'X' iieral  purpose  identilication  rode  will  have  the  ability  to  handle: 

•  hoin  -tatic  and  dynamic  responses 

•  mnltrpit  honndiiry  conditioits  and  configuratiotis 

•  .1,1  iTuii t i ve  solution  schemes  (e.g..  mathematical  programming.  Bayesian  estima 
’loll.  1 1  pli-  least  --(ina  res  ) 

•  niiilti[)li  eigenvalue  ext  r;ict  ioii  techniques,  inrluding  repeated  root  capability 

•  alt  cr-iat  i\ (■  methods  of  comparing  analytical  and  experimental  mode  shapes 

•  -hrf!--  in  rinxie  (prder  during  the  update  process  (mode  tracking) 

•  \a:ippii-  type-  cpf  damping 

•  update  pa  t'.i  met  er  lin  k:  tig 

•  a  "  '<!e  range  (pf  finite  elements,  incitiding  rigid  elements 
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NONLINEAR  MATHEMATICAL  OPTIMIZATION  PROCESS  TO 
UPDATE  FINITE  ELEMENT  MODELS 


I  Ik-  Auii'matf-d  S  I  liiictiiriil  (.)pt iinizal ion  Syst('[n  (ASTROS)  (J'lhii^on  and 
Ncnkayya  apjx-ars  Icj  bt-  t  !k-  ideal  platform  fi>r  developmonl  of  a  versatile  ifleiili- 

lu.iiion  rode.  ,\S1  R()S  has  a  rich  eieitient  library,  but  more  im[)ort,ant Iv.  is  based,  on 
a  't.aie  of-the  art  database  system  and  an  easily-nsed  matrix  manipidation  language. 
()l  special  interest  to  the  development  of  an  identifiration  code,  .XS  TROS  provides 
easy  access  to  setisiti\ity  information,  for  exHm|)le.  mass  and  stiffness  si-nsi  I  i  vit  ies . 
uliii  h  are  needed  for  eiyenvaiiie  and  eiaenvertor  sensitivities,  are  used  rontinelv  within 

.V^TROS, 

.\  development  program  has  begun  to  modify  .\S  I  ROS  to  accomplish  the  identi¬ 
fication  task.  I  he  near  term  goal  is  to  allow  tfie  use  of  the  objective  functions  and 
const  raints  given  ns  ec)  nations  2-.")  in  conjunct  ion  wit  h  the  method  of  feasible  direct  i.  ms. 
further  enhancements  will  first  add  the  capability  of  using  other  mathematical  [iro 
gramrning  techniques  as  well  as  Rayesian  estimation  for  the  optimization  task.  Later, 
inorle  shape  tracking,  static  deflection  and  dampin.g  capabilities  will  be  added. 
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Sensitivity  analysis  of  responses  to  dynamic  loads 


Waxren  C.  Gibson,  CSA  Engineering  Inc.,  560  San  Antonio  Road,  Palo  Alto,  CA 


Abstract:  Sensitivity  analysis  is  a  key  element  of  structural  optimization  and 
optimization-based  methods  of  parameter  identification.  Sensitivities  of  responses 
to  dynamic  loads  pose  special  challenges  because  of  the  volume  and  comple.xity 
of  data  in  a  complete  frequency  spectrum  or  time  record.  An  efficient  method 
for  computing  the  sensitivity  of  one  or  more  peaks  in  a  frequency  spectrum  or 
time  domain  is  presented.  The  method  accounts  for  shifts  in  peak  location  as  well 
ais  chamges  in  peak  magnitude  as  design  vaudables  eire  varied.  Brief  examples  are 
included. 

1.  Introduction:  Sensitivity  Analysis  as  an  Adjunct  to  Structural  Analysis 
In  the  context  of  structural  analysis,  sensitivity  analysis  refers  to  the  computation  of 
partial  derivatives  of  structural  responses  with  respect  to  model  parameters  such  as 
thicknesses,  areas,  spring  rates,  or  added  masses.  Analysts  or  designers  may  sometimes 
make  direct  use  of  this  information,  but  more  often,  it  serves  eis  a  basis  for  automated 
optimization.  Optimization  can  be  use  d  either  for  structural  design  purposes,  seeking, 
for  example,  a  configuration  of  minimum  weight  that  satisfies  performance  or  szifety 
criteria.  Alternatively,  optimization  methods  may  be  used  to  adjust  uncertain  aspects 
of  a  model  so  that  it  predicts  responses  that  more  closely  match  measured  responses 
(Ewing  and  Kolonay,  1989). 

Sensitivity  anedysis  may  be  programmed  as  an  adjunct  to  finite  element  analysis.  Some 
conunercial  FEA  software  packages  provide  sensitivity  analysis  and  optimization;  oth¬ 
ers  such  as  NASTRAN  (MacNeal-Schwendler,  1989)  and  ASTROS  (Johnson  et  al, 
1988)  offer  matrix  programming  languages  that  can  be  used  to  incorporate  new  sen¬ 
sitivity  analysis  functions  without  access  to  the  source  code.  Sensitivity  data  can  be 
coupled  to  a  general-purpose  optmizer  such  as  ADS  ( Vanderplzwits,  1983). 

Although  the  developments  presented  here  are  applicable  to  a  wide  VEudety  of  structural 
problems,  they  have  particulEir  relevance  to  lightweight  aerospace  structures  which  are 
particularly  susceptible  to  dynamic  disturbances. 

2.  Sensitivity  Analysis  of  Response  Peaks  in  the  Frequency  Domain 

The  equations  of  motion  for  linear  dynamic  analysis,  after  discretization  by  finite 
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elements,  may  be  written  as 

KU(t)  +  BU(<) +MU(<)  =  P(<)  (1) 

in  terms  of  stiffness,  damping  and  mass  matrices  K,  B,  and  M;  displacement  vector 
U,  and  load  vector  P.  For  steady-state  response,  these  equations  are  converted  to  the 
trecpiency  domain  and  written  as 

lK(l  -  ig)  +-  (u/B  U(u,-)  =  P(a>)  (2) 

where  is  the  radian  frequency  and  g  represents  structiu-al  damping.  A  classical  re¬ 
sponse  peak  in  the  frequency  domain  is  shown  in  Figure  1.  If  one  were  to  calculate 
sensitivities  at  the  peak  frequency  tu  =  w  by  simply  differentiating  Eq.  (2)  and  proceed¬ 
ing  with  optimization,  the  results  would  almost  certainly  be  unsatisfactory.  While  the 
optimizer  might  succeed  in  reducing  the  response  at  that  particular  frequency,  it  would 
likely  do  so  by  simply  shifting  the  peak  to  a  neighboring  frequency.  Thus  it  is  necessary 
to  compute  the  total  derivative  of  the  peak  so  as  to  track  its  shift  in  frequency  as  well 
as  its  change  in  amplitude.  Denoting  a  particular  design  variable  as  Xj.  we  have 


dU,  _ 

dX,  ~  ax,  I 

The  first  term  on  the  right-hand  side  rep¬ 
resents  the  sensitivity  of  the  response  at 
the  jjeak  frequency  uj  and  the  second  term 
accounts  for  the  shift  in  the  peak  fre 
quency. 

Employing  modal  superposition  and  eis- 
suming  that  most  of  the  response  at  a 
peak  is  due  normal  mode  number  n,  we 
may  express  the  peak  displacement  as 


(4) 

1  o.  igj  — 


Frequency.  Hi 

Figure  1.  Classical  frequency  response 
function. 


where  ^  is  the  appropriate  eigenvector  and  k  =  is  the  modal  stiffness  and 

rr?  is  the  modal  mass. 


For  light  damping,  the  peak  occurs  very  near  the  undamped  natural  frequency  (*>„,  and 
since  k  -  =  0,  the  magnitude  of  the  peak  complex  response  is  approximately 


kg 


(5) 


From  Eq.  (.5),  it  is  clear  that  there  are  four  ways  to  reduce  U,: 


1.  Reduce  This  means  minimizing  the  participation  of  the  mode  in  question  at 
the  particular  response  location.  In  a  beam  structure,  for  example,  this  might 
mean  moving  the  nodes  of  the  mode  shapes  toward  the  response  point. 
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2.  Reduce  P.  This  means  reducing  the  modal  participation  of  the  load  vector. 
In  the  case  of  a  beam  with  a  point  load,  again  the  node  might  be  moved  towiud 
the  load. 

3.  Increase  k.  Loosely  speaking,  this  means  increasing  the  structure's  stiffness-to- 
mass  ratio. 

4.  Increase  the  structural  damping  g. 


Differentiating  Eq.  (5), 


-  =  —  I - - - #  - - ^  $  d - P  1  (f; 

dXj  kg[\dx,  kdx,  k  dx,  gdxj  '  ^[dXJ  )\  ^ 


All  four  of  the  aforementioned  avenues  are  reflected  in  this  equation.  A  general- pur  pose 
optimizer  will  take  advantage  of  any  of  them,  depending  on  how  stiffness,  mas.s,  and 
damping  axe  interrelated  for  a  particular  problem,  and  on  other  constraints  that  may  In- 
included  in  the  optimization  problem.  In  addition  to  stiffness  and  damping  sensitivities, 
this  expression  requires  eigenvector  sensitivities,  which  may  be  calculated  from  stitTnes.- 
and  mass  sensitivities  (Nelson,  1976).  The  computation  involved  in  thi.s  method  .s 
equivalent  to  one  static  analysis  per  mode,  with  one  right-hand  side  per  design  variab'e. 

LOAD 


1  Section  1  1  Section  2  |  Section  3  |  Section  4 

Section  5  1 

r - "r - ^ - -r - ri" - ^ 

\/\/\/\/y/\/'L/^./\/\/\/\/\/\y\/\A/\A/\AA/\/\/\/\/\/\/\/\/\/\A/\/\/^/\/i/\/\/\/\/\/\/\/\/\/\/\/\/ : 

f  igure  2.  Long  slender  truss. 

Table  1. 


Truss  optimization  history  for 
frequency  response. 


Peak  response, 
p-radians 

Mode 

Initial 

Optimized 

4735 

1000 

2 

8.96 

10 

3 

58.4 

20 

The  sensitivity  analysis  described  above  was  pro¬ 
grammed  in  NASTRAN’s  DMAP  language  and  cou 
pled  to  the  ADS  general-purpose  optimizer  (Vander- 
plaats,  1983),  using  an  approximate  model  (Schmit  and 
Miura,  1976).  The  long  slender  cantilever  truss  shown 
in  Figure  2  was  optimized  for  a  frequency-dependent 
load  applied  near  one  end.  The  optimizer  redistributed 
the  structural  material  so  as  to  reduce  the  peak  re¬ 
sponses  cis  shown  in  Table  1,  at  the  same  time  achieving 
a  slight  weight  reduction. 


3.  Sensitivity  Analysis  of  Response  Peaks  in  the  Time  Domain 

As  with  steady-state  loads,  one  can  begin  with  the  equations  of  motion,  differentiate 
with  respect  to  design  variables,  and  solve  for  the  required  response  sensitivity.  .Again, 
difficulties  arise  due  to  the  tendency  of  peaks  to  shift  as  a  result  of  design  changes.  For 
a  perik  U,  occurring  at  time  tp,  the  peak  response  sensitivity  may  be  written  as 


au.|  ^  au,  dtp 

~  dX~^  ^dX,^  dXj 

t  —  tf 


In  computing  the  transient  peak  sensitivity  we  again  assume  that  modal  superposition 
is  used.  Depending  on  whether  or  not  proportional  damping  is  assumed,  superposition 
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may  or  may  not  result  in  uncoupled  equations  of  motion.  Uncoupled  equations  may  be 
solved  independently  by  means  of  a  convolution  integral,  whereas  coupled  equations 
may  be  solved  by  any  of  vaiious  forward  integration  procedures  such  as  the  Newmark 
Beta  method  (Gockel,  1983).  A  general  second-order  forward  integration  procedure 
may  be  expressed  as 

=  /(K,  B,  M,  P,  0”+',  U")  (8) 

which  may  be  differentiated 

df  dK  dfdB  df  dM  df  ap  df  su”'*  aj  au" 
tix.  ^  ^  ax.  "  aB  ax;  "  aM  ax,  ’*  ap  ax,  "  aiF^'  ^  ax- 

Just  as  modal  superposition  may  be  applied  to  the  transient  response  equation,  it  may 
al.so  be  applied  to  the  calculation  of  the  peak  sensitivity  expression.  These  equations 
tnay  be  integrated  separately  or  in  parallel  with  the  integration  of  Eq.  (1).  This 
procedure  is  generally  economical  when  modal  superposition  is  used  because  of  the 
reduced  number  of  degrees  of  freedom  and  possible  uncoupling  of  the  matrices.  .\ 
precaution  must  be  observed,  however:  more  modes  may  be  required  for  accurate 
computation  of  sensitivities  than  are  required  for  accuracy  in  the  response  itself. 


As  an  example,  the  same  truss  was  subjected  to  the  transient  load  shown  in  Figure  3. 
The  optimizer  was  able  to  reduce  the  peaJc  response  by  a  factor  of  three  with  only  an 
80G  increase  in  struc^m-ai  weight  (Figure  4). 


figure  3.  iransient  load.  Figure  4.  Optinuzed  transient  response. 
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Macromolecular  smart  materials  and  structures 


D.H.  Reneker,  W.L.  Mattice,  R.P.  Quirk,  and  S.J  Kim 

Institute  of  Polymer  Science,  The  University  of  Akron,  Akron,  Ohio  44325-3909 


ABSTRACT;  Macromolecules  offer  many  possibilities  for  creating  smart  molecules. 
Smart  molecules  are  designed  to  receive  a  stimulus,  transmit  or  process  it,  and  then  to 
respond  by  producing  a  useful  effect.  New  capabilities  exist  for  the  predictive  design  of 
polymer  molecules  from  the  rapid  advances  in  computer  modeling  of  the  structure  and 
properties  of  large  molecules.  Powerful  chemical  methods  are  available  for  the  creation  of 
polymeric  modules  which  can  be  assembled  into  smart  molecules.  New  tip  scanning 
methods  of  microscopy  make  it  possible  to  observe  segments  of  polymer  molecules 
attached  to  solid  surfaces.  This  work  brings  these  capabilities  together  to  design,  create, 
and  characterize  macromolecular  smart  materials. 

1.  INTRODUCTION 

Our  appioach  to  smart  materials  based  on  polymer  molecules  is  modular.  The  elementary 
functions  of  reception  of  a  stimulus,  transmission,  processing,  actuation,  and  the  like  are 
incorporated  into  oligomers  which  have  reactive  groups  at  the  ends  or  at  other  strategic 
positions.  Stimuli  may  include  strain,  stress,  incident  photons,  small  molecules,  an  electric 
field,  hydrostatic  pressure,  or  the  like.  Processing  or  transmission  of  the  signal  may  include 
absorption  of  a  photon,  reaction  with  a  small  molecule,  integration  of  a  series  of  events, 
translation  or  rotation  of  .segments  of  a  polymer  molecule,  creation  and  motion  of 
crystallographic  defects  or  other  localized  conformations  that  produce  reptation  or  twisting  of 
segments' ,  and  the  alteration  of  localized  stress  fields,  for  example.  The  useful  effects 
produced  may  be  a  color  change,  a  change  in  the  index  of  refraction  tensor,  a  change  in  the 
stress  distribution,  a  different  connectivity  of  the  parts  of  a  molecule  or  a  network,  or  a  change 
in  volume. 

The  synthesis  of  such  oligomers,  and  their  attachment  together,  are  active  areas  in  state  of  the 
an  polymer  synthetic  chemistry2.3.4.5.  The  reactive  groups  are  used  to  assemble  the  desired 
set  of  functions  required  for  a  particular  sman  material  by  bonding  together  the  oligomers  that 
have  the  needed  functions.  The  oligomers  described  above  usually  contain  only  one  backbone 
chain  and  may  involve  only  a  few  hundreds  of  atoms. 

Alternatively,  the  elementary  functions  of  a  smart  material  based  on  polymers  may  be 
incorporated  into  a  larger  polymer  molecule,  or  group  of  molecules.  A  few  thousands  of 
atoms  may  be  involved.  In  this  case,  the  properties  of  the  module  may  be  usefully  described 
in  terms  of  thermodynamic  or  bulk  profterties. 

Contemporary  computer  modeling  encompasses  both  of  the.se  size  ranges*.  The  behavior  of 
oligomers,  and  systems  of  connected  oligomers,  can  be  calculated  from  knowledge  of  the 
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electronic  states  of  the  molecules  or  from  knowledge  of  the  interatomic  potential  functions. 
Computer  modeling  can  also  predict  the  thermodynamic  and  bulk  properties  of  the  larger 
aggregates  that  may  also  be  used  to  design  polymeric  smart  material  systems  To  distinguish 
these  size  ranges,  we  use  the  phrase  “molecular  scale”  for  the  smaller  and  the  word 
“nanophase”  for  the  larger. 

Information  about  the  molecular  scale  behavior  of  smart  materials  is  also  available  from  the 
direct  observation  of  oligomers,  using  the  techniques'?  of  atomic  force  microscopy  and 
scanning  tunneling  microscopy.  TTie  attachment  of  oligomers  to  a  solid  surface  is  observed 
directly  and  used  to  help  understand  the  behavior  of  a  smart  molecule  system. 


MODULES  FOR  A  MOLECULAR  SCALE  SMART  MATERIAL  SYSTEM 

An  interesting  example  of  a  smart  material  system  can  be  designed  at  the  molecular  scale  to 
deal  with  the  possibility  that  separation  may  occur  at  the  polymer- matrix  interface  in  a  fiber 


Figure  1 .  Diagram  of  a  sman  Figure  2.  Diagram  of  the  sman 

macromolecule  at  the  interface  between  a  macromolecule  after  the  fiber  has  begun  to 
fiber  and  its  matrix.  separate  from  the  matrix. 


Such  a  smart  molecule  would  have  an  oligomer  that  attaches  the  smart  molecule  to  the  fiber. 
This  attachment  oligomer  is  connected  to  two  branches.  The  first  branch  contains  a  stress 
sensitive  chromophore  and  a  weak  link  in  series.  The  second  branch  contains  a  longer,  strong 
chain  which  can  carry  the  load  when  the  weak  link  is  pulled  apart.  The  two  branches  are 
rejoined  and  connected  to  an  oligomer  that  attaches  to  the  polymer  matrix.  Figure  2  shows 
this  smart  molecule  after  the  fiber  has  begun  to  .separate  from  the  matrix. 

This  smart  material  system  receives  and  detects  a  .signal  from  the  strain  field  that  separation  at 
the  interface  is  occurring  as  the  point  of  attachment  to  the  matrix  moves  away  from  the  point  of 
attachment  to  the  fiber.  The  color  change  provides  a  signal  that  the  separation  has  produced 
significant  damage.  The  loose  loop  acts  as  a  molecular  “keeper  chain”  that  tends  to  prevent  the 
interfacial  separation  from  growing  to  a  cata.strophic  failure  of  the  composite  part.  Such  a 
smart  material  system  is  interesting  in  composite  systems  in  which  impact  damage  that 
produces  little  visible  change  can  leave  the  composite  unable  to  bear  the  expected  compressive 
loads.  Other  oligomers  that  perform  similar  modular  functions  are  being  investigated. 
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The  modular  functions  that  are  needed  are: 

1 .  Attachment  to  the  fiber. 

2 .  A  weak  link  that  breaks  as  soon  as 
a  pre-determined  amount  of 
separation  occurs. 

3.  A  piezochromic  group  that  changes 
its  color  when  the  separation 
occurs. 

4.  A  loose  loop  of  polymer  which 
maintains  a  useful  level  of 
attachment  even  after  the  fiber  and 
the  matrix  have  separated  by  an 
anticipated  amount. 

5  -  Attachment  to  the  matrix. 


OLIGOMERIC  MODULE  FOR  ATTACHMENT  TO  THE  RBER 

The  attachment  of  an  oligomeric  module  to  graphite  was  studied.  The  oligomer  chosen  for 
study  is  octadecyl  amine,  which  might  attach  to  reactive  sites  on  the  graphite  through  the 
amine  group,  or  alternatively,  through  the  Vanderwaals  attraction  of  the  hydrogen  atoms  to  the 
graphite  surface.  Graphite  was  chosen  because  it  is  similar  to  the  carbon  or  graphite  fibers 
used  in  composites,  and  to  the  carbon  black  used  in  the  manufacture  of  rubber.  Graphite 
surfaces  with  monatomic  steps  were  prepared  by  cleavage  of  highly  oriented  pyrolytic 
graphite.  In  some  samples  the  cleavage  surface  was  chemically  oxidized  to  create  steps  that 
were  one.  or  several,  atomic  layers  high. 

TTie  objective  of  this  work  is  primarily  to  demonstrate  the  modular  approach  to  show  how 
smart  macromolecules  can  be  designed  and  perhaps  used.  We  recognize  that  a  color  change  at 
the  interface  of  a  graphite  fiber  will  be  of  limited  usefulness.  However,  a  very  similar 
approach  can  be  used  for  the  design  and  characterization  of  smart  molecules  for  the  interface 
of  glass  or  other  transparent  fibers  if  atomic  force  microscopy  is  substituted  for  the  scanning 
tunneling  microscopy  which  works  so  well  on  graphite  crystals. 

The  attachment  to  graphite,  of  individual  oligomers  such  as  octadecyl  amine,  was  directly 
observed  with  the  scanning  tunneling  microscope  and  the  atomic  force  microscop)e.  The 
octadecyl  amine  molecules  tend  to  lie  flat  on  '  .e  graphite,  with  the  molecule  in  a  planar  zig-zag 
conformation.  See  Figures  4  and  5. 

Elastomers  and  plastics  with  stress-sensitive  chromophores  in  the  polymer  backbone  were 
synthesized.  Using  the  methodology  of  living  anionic  polymerization,  polymers  can  be 
prepared  which  have  controlled  molecular  weight,  molecular  weight  distribution,  copolymer 
composition  and  microstructure,  .stereochemistry,  tacticity,  and  branching.  Because  these  are 
living  polymerizations,  the  product  is  a  polymeric  carbanion  which  can  be  reacted  with  a 
variety  of  electrophiles  to  form  end-functionalized  polymers. 


872 


Airivi'  Materials  anil  AJaptivc  Siructares 


Figure  4.  Scanning  tunneling  micrograph 
of  octadecyl  amine  physically  absorbed  on 
the  cleavage  plane  of  graphite.  Partly 
resolved  carbon  atoms  surround  the  row  of 
absorbed  molecules. 


Figure  5.  Computer  generated  drawing  of 
octadecyl  amine  on  graphite,  showing  how 
the  scanning  tunneling  micrograph  is 
interpreted. 


Omega-carboxyl-terminated  polystyrene  and  omega-carboxyl-terminated  polvfstvrene-block- 
butadiene)  polymers  were  polymerized  as  shown  in  Scheme  1.  The  chain-end  functionalized 
polymers  were  converted  to  the  corresponding  acid  chlorides  and  then  reacted  with 
azodianiline  to  introduce  the  azo  linkage  into  the  polymer  and  couple  the  two  chains  together 
as  shown  in  Scheme  2  below. 


These  polymers  are  being  characterized  with  respect  to  their  structure.  The  effect  of  irradiation 
and  stress  on  their  ultrasdolet-visible  absorption  spectra  is  being  measured.  In  order  to 
increase  the  concentration  of  chromophores  in  the  samples,  alpha,omega-difunctional 
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elastomers  are  being  prepared  which  will  form  segmented  block  copolymers  upon  reai  tion 
with  difunctional  chromophores  such  as  azodianiline. 

The  relation  between  the  conformational  energy  in  an  oligomer  and  the  strai.;  was  calculated  in 
the  following  way.  The  ends  of  the  oligomer  were  constrained  at  a  succession  of  points  of 
increasing  distance  of  separation  in  the  stress  direction.  A  m.nimum  energy  conformation  of 
the  segment  was  calculated  for  each  distance,  on  the  basis  of  the  interatomic  potentials.  The 
value  of  the  minimum  energy  w  as  plotted  as  a  function  of  the  distance.  Ihe  initial  distance 
between  the  ends  was  used  to  calculate  the  strain  for  each  separation  distance.  The  energy 
was  calculated  with  S  YBYL  molecular  modeling  softwar-S.  Molecular  dynamics  calculations 
are  quite  practical  on  molecules  of  thi;-  size,  and  would  probably  result  in  a  more  reliable 
estimate  of  the  energy  as  a  function  of  the  separation  of  the  chain  ends. 

Also,  refined  estimates  of  the  stress  as.sociated  with  the  light  induced  change  in  the 
conformation  of  azobenzene  froui  trans  to  cis  are  being  obtained.  The  molecules  being 
considered  are  azobenzenes  with  different  kinds  of  polymer  chains  appended  in  the  para 
positions  of  each  benzene  ring.  The  approach  utilizes  a  variation  of  the  method  described  by 
Flory  ''  for  the  computation  of  the  average  of  the  end-to-end  vector  of  the  attached  polymer 
chains.  'ITie  magnitude  of  the  stresses  induced  by  photo-isomerization  are  expected  to  be 
proportional  to  the  differences  in  the  end  to  end  di.stances  of  the  polymers  cau.sed  by  the  trans 
to  cis  isomerization. 

For  a  chromophore  to  change  its  conformation,  or  for  a  weak  bond  to  separate,  the  energy 
from  the  strain  field  concentrated  in  that  ptulicular  oligomer  must  be  at  least  large  enough  to 
overcome  the  potential  barriers  of  the  son  described  in  the  preceding  paragraph.  Thennally 
excited  vibrations  can  provide  .sottie  of  the  energy,  but  for  the  molecule  to  perform  as 
intended,  the  thermal  energy  should  not  cause  transitions  in  the  absence  of  strain. 

A  useful  starting  point  for  predicting  the  response  of  such  a  molecule  to  a  tensile  force  is  the 
calculated  curve  of  energy  versus  separation  of  chain  end.s.  An  effective  .spring  constant  that 
will  store  an  energy  equivalent  to  the  maximum  energy  of  the  barrier  w  hen  the  spring  is 
stretched  to  the  strain  at  which  the  maximum  occurs  can  be  as.signed  to  each  segment.  With 
each  functional  oligomer  approximated  as  a  linear  spring,  it  is  easy  to  calculate  the  strain  and 
the  elastically  stored  energy  in  each  oligomer. 


SUMMARY 

The  combination  of  molecular  modeling,  tunneling  and  atomic  force  microscopy,  and  state  of 
the  art  polymer  synthesis  brings  us  to  a  new  vista.  Molecules  of  unusual  complication  can 
now  be  modeled  easily  and  quickly.  The  ptirts  of  these  molecules  can  be  synthesized  as 
modules  and  as.sembled  together  using  the  techniques  of  contemporary  polymer  synthesis. 
Direct  observation  of  molecular  scale  features  with  new  molecule  resolving  microscopes 
provides  other  useful  information  about  the  design,  assembly  and  performance  of  these  smart 
molecules..  This  project  brings  all  these  things  together.  The  early  results  on  all  three  fronts 
of  this  project  are  most  promising. 
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Nanosecond  optical  energy  transfer  in  quinizarin  doped  sol-gel  glasses 


Drew  L'Esperance  and  Eric  L.  Chronister 
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ABSTRACT:  Optical  energy  transfer  and  chromophore  spatial  distributions  in 
quinizarin  doped  sol-gel  glasses  are  investigated  by  time-resolved  fluorescence 
anisotropy  measurements.  These  results  are  discussed  in  terms  of  the  potential  of 
organically  doped  sol-gel  glasses  as  novel  fast  response  optical  materials. 


1.  INTRODUCTION 

Recent  and  continuing  progress  in  the  development  of  high  intensity  ultrashort  laser  sources 
illustrates  the  need  for  fast  response  optical  materials.  The  chemical  and  structural  versatility 
of  organically  doped  sol-gel  materials  holds  potential  for  the  development  of  "smart"  optical 
materials  that  can  passively  respond  to  optical  input  in  a  desired  fashion,  e.g.  as  an  optical 
power  limiter  for  the  protection  of  .sensitive  solid  state  sensors.  In  this  work  we  examine  the 
transfer  of  optical  energy  between  chromophores  in  organically  doped  sol-gel  glasses  on  a 
nanosecond  timescale. 

Sol-gel  glasses  hold  promise  as  versatile  nonlinear  optical  materials  since  they  can  solvate  a 
wide  variety  of  chromophores  at  high  concentrations.  These  materials  can  be  prepared 
chemically  at  room  temperature  by  the  hydrolysis  of  a  variety  of  metal  alkoxides,  and  thin 
films  are  easily  produced  by  dip  coating  or  spin  casting  (Dislich  H  1983).  Dried  gels  result  in 
rigid  xerogel  glasses  which  can  have  over  50%  void  volume  with  an  average  pore  size  from 
20A  to  80A  depending  on  the  sol-gel  chemistry  (Hensch  LLelal  1990).  The  spectral  changes 
upon  complexation  with  aluminum  and  the  possibility  of  photochemical  hydrogen  bond 
rearrangement  make  quinizarin  a  unique  probe  of  optical  re.sponse  in  metal-oxide  glasses.  In 
this  study,  the  dynamics  of  optical  energy  transfer  is  used  to  probe  the  environments  and 
distributions  of  quinizarin  within  xerogel  glasses. 

Although  this  paper  focuses  on  organically  doped  sol-gel  glasses  as  promising  "smart" 
materials,  the  need  for  optical  materials  with  power  limiting  capabilities  has  spawned  a  wide 
variety  of  efforts  to  develop  other  materials  with  the  desired  optical  properties.  Some  of  these 
include:  optical  nonlinearities  in  semiconductors  and  organometallic  polymers;  coherent  energy 
exchange  in  photorefractive  materials;  intensity  dependent  internal  reflection;  optical 
breakdown  and  scattering  by  suspensions  of  ab.sorbing  particles;  nonlinear  Fabry-Perot 
etalons;  and  photochromism  due  to  photochemical  and  photophysical  changes  (Tutt  L  and 
McCahon  S  1990  and  references  within  ). 
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2.  EXPERIMENTAL 

2. 1  Preparation  of  quinizarin  doped  sol-gel  films 

Quinizarin  doped  aluminosilicate  sol-gel  glasses  were  produced  by  adding  quinizarin  to  a 
3:10;1  solution  of  diisobutoxyaluminoxytriethoxysilane  (ASE),  isopropanol,  and  water, 
Quinizarin-aluminum  doped  silicate  sol-gel  glasses  were  prepared  by  adding  quinizarin  and 
aluminum  nitrate  hemihydrate  to  a  6:17:2:1  solution  of  tetraethoxysilane,  ethanol,  O.OIM 
HNO3,  and  Triton-X-100  (Hinsch  A  and  Zastrow  A  1990).  Bulk  samples  were  prepared  by 
pouring  these  solutions  into  polystyrene  molds  and  allowing  the  water  and  alcohol  to 
evaporate,  causing  the  solution  to  gel,  shrink,  and  harden  into  glass  (McKieman  J  et  al  1989). 
Thin  films  were  prepared  by  dipcoating  glass  microscope  slides  in  the  solutions  with  a 
withdrawal  rate  of  2mm/s.  Films  and  bulk  samples  were  baked  at  110°  C.  The  resulting 
glasses  had  a  density  of  about  1.6g/cm3  and  film  thicknesses  of  O.Spm. 

2.2  Time  resolved  fluorescence  anisotropy  apparatus 

The  polarized  output  of  a  nitrogen  pumped  dye  laser  (lOOpJ/pulse,  0.5ns  pulsewidth,  30Hz) 
was  used  as  an  excitation  source.  Scattered  excitation  light  was  eliminated  with  a  cutoff  filter 
and  the  parallel  and  perpendicular  polarization  components  of  the  sample  fluorescence  were 
selected  and  detected  with  a  fast  photomultiplier  tube  (0.8ns  response  time).  The  PMT  signal 
was  collected  and  averaged  with  an  HP  400MHz  digitizing  oscilloscope  (875ps  risetime). 
Ruorescence  depolarization  decays  were  averaged  for  2048  pulses  and  used  to  calculate  the 
time-resolved  fluore.scence  anisotropy. 

3.  RESULTS  AND  DISCUSSION 

3. 1  Quinizarin  chemistry  and  spectral  changes 


Fig  1.  Absorption  spectra  of  quinizarin  versus  that  for  the  quinizarin-aluminum 
complex  which  forms  when  quinizarin  is  doped  into  an  aluminosilicate  glass.  Also 
shown  are  the  corresponding  structures  of  the  intramolecularly  hydrogen  bonded 
species  and  the  quinizarin-aluminum  complex. 
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Uncomplexed  quinizarin  has  intramolecular  hydrogen  bonds  between  the  hydroxyl  proton  and 
the  quinoid  oxygen.  When  complexed  with  aluminum,  the  480nm  absorption  maximum  of 
quinizarin  red-shifts  to  560nm  and  the  absorption  strength  doubles.  In  addition,  the  room 
temperature  fluorescence  lifetime  of  the  quinizarin-aluminum  complex  is  9.4ns  versus  3ns  for 
the  uncomplexed  molecule.  Considerable  vibrational  structure  is  also  apparent  in  the 
absorption  spectrum  of  the  quinizarin-aluminum  complex.  In  addition,  we  succeeded  in 
burning  persistent  photochemical  spectral  holes  (X.=566nm)  in  quinizarin  doped  aluminosilicate 
glasses  at  77K.  Since  hydrogen  bond  rearrangement  is  the  most  likely  mechanism  for 
photochemical  hole-burning,  the  quinizarin  molecules  may  only  be  complexed  with  one 
aluminum  and  retain  some  intramolecular  hydrogen  bonding.  Similar  holebuming  results 
were  recently  reported  for  quinizarin  adsorbed  onto  aluminum  oxide  powders  (Basch6  Th  and 
Brauchle  C  1991),  indicating  that  some  of  the  dopant  molecules  may  be  chemically  adsorbed 
onto  the  inner  surface  of  xerogel  micropores. 

3.2  Time-resolved  depolarization  in  quinizarin  doped  sol-gel  films 

The  rate  of  dipolar  energy  transfer  between  resonant  energy  levels  on  chromophores  separated 
by  a  distance  r  is  (o(r)  =  (l/x)(Ro/r)*,  where  t  is  the  fluorescence  lifetime,  and  Ro  is  the  critical 
distance  for  energy  transfer  (typically  in  the  range  10-60  A)  (Forster  Th  1949).  The  time- 
resolved  fluorescence  anisotropy  is  defined  as.  anis(t)=  [lu  (t)  -  lj.(t)]/[Iii  (t)  +  21i(t)].  where 
111  and  lx  correspond  to  the  emission  intensity  polarized  parallel  and  perpendicular  to  the 
excitation  polarization,  respectively.  In  the  absence  of  orientational  diffusion,  anis(tj\s, 
directly  proportional  to  the  probability  that  the  excitation  resides  on  the  originally  excited 
molecule  a  time  t  after  excitation,  P(t). 


Fig.  2.  Time-resolved  fluorescence  anisotropy  decays  for  the  quinizarin;aluminum 
complex  doped  into  silica  sol-gel  films.  From  top  to  bottom,  the  quinizarin 
concentrations  in  the  solid  films  are,  SO.OOOIM,  0.009M,  0.0 15M  and  0.038M 
respectively.  The  solid  lines  are  best  fits  to  Eq  (1). 
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We  neglect  any  donor  trapping  and  analyze  our  results  in  terms  of  donor-donor  transfer 
processes  since  our  results  were  dispersionless  (Stein  AD  etal  1990).  For  an  arbitrary  spatial 
distribution  of  chromophores  this  yields  (Baumann  J  and  Payer  M  D  1986), 

oo 

6«P(t)  =  -pj(l-e-“*)u(r)dr  (1) 

O 

where  u(r)dr  is  the  probability  that  there  is  a  chromophore  a  distance  r  from  the  initially 
excited  chromophore  and  p  is  the  number  density  of  chromophores.  In  general,  an 
experimentally  determined  P(t)  can  be  used  to  evaluate  a  spatial  distribution  function  u(r).  For 
example,  a  random  distribution  function  u(r)  for  an  isotropic  three  dimensional  solid  yields  the 
Eq  (2),  where  a  is  proportional  to  both  the  chron.ophore  concentration  and  Ro’  (Baumann  J 
and  Payer  M  D  1986). 

P(t)  =  exp(-at'^)  (2) 

Concentration  dependent  fluorescence  anisotropy  results  for  quinizarin  doped  sol-gel  thin 
films  are  shown  in  figure  2.  At  low  concentration  the  anisotropy  changes  little  over  two 
fluorescence  lifetimes.  This  indicates  that  the  dopant  distribution  function  at  low  concentration 
does  not  have  a  large  number  of  close  neighbors.  The  higher  concentration  data  in  figure  2 
consists  of  a  fast  unresolved  component  and  a  slowly  decaying  component  to  the  fluorescence 
anisotropy.  The  solid  lines  in  figure  2  are  best  fits  to  the  data  using  Eq  (1),  assuming  a 
bimodal  distribution  of  chromophores,  u(r)  =  Ua(r)  +  Ub(r),  consisting  of  both  a  random  (ua(r) 
=  constant)  and  a  sharply  peaked  chromophore  distribution  (ub(r)  =  const  for  r  <  rc).  The  fast 
component  is  unresolved  and  is  simply  the  vertical  change  from  anisfi)s  0.4  to  the  beginning 
of  the  slower  decay.  We  conclude  that  dopant  molecules  are  most  likely  incorporated  into  a 
collection  of  randomly  distributed  micropores  within  the  sol-gel  glass,  but  that  as  the 
concentration  is  increased,  a  significant  fraction  of  the  molecules  reside  in  multiply  occupied 
micropores.  The  micropore  diameters,  r,;,  for  the  samples  in  this  study  are  on  the  order  of 
30A  (Hench  L  et  al  1990),  and  the  fast  component  of  the  anisotropy  decay  is  due  to  the  fast 
energy  transfer  between  closely  spaced  molecules  within  multiply  occupied  micropores.  This 
picture  is  also  consistent  with  our  observation  that  the  relative  contribution  of  the  fast 
component  increases  with  chromophore  concentration. 
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ABSTRACT:  Reflection  and  transmission  characteristics  of  chiral  composites  are 
obtained  for  a  normally  incident,  linearly  polatized  plane  wave  by  employing  a  free-space 
measurement  system  in  the  frequency  range  of  8-40  GHz,  The  artificial  chiral  composites 
are  fashioned  by  embedding  chiral  inclusions  (metallic  helices)  into  an  epoxy  medium 
(Eccogel),  One  reflection  measurement  is  made  for  each  sample  since  the  reflected  field  is 
linearly  polarized  as  the  incident  wave.  Two  transmission  measurements  at  different 
polarization  directions  are  needed  in  order  to  fully  characterize  the  tranxtnitted  polarization 
ellipse.  From  one  reflection  and  two  transmission  measurement  data,  the  chirality 
parameters  of  chiral  composites  are  for  the  first  time  computed  numerically  using  a  suitable 
inverse  algorithm. 


I.  INTRODUCTION 

For  a  normally  incident,  linearly  polarized  wave,  the  transmitted  wave  passing  through  the 
chiral  medium  not  only  is  rotated  but  becomes  elliptically  polarized  due  to  the  existence  of  the 
chirality  parameter.  This  results  from  the  different  phase  velocities  and  different  absoiption  for 
the  left-  and  right-circularly  polarized  waves.  Since  electromagnetic  waves  can  discriminate 
between  objects  of  different  handedness  due  to  their  transverse  nature,  the  origin  of  chirality 
need  not  necessarily  be  molecular  as  in  the  ca.se  of  optically  active  media.  Effectively  chiral 
composites  can  be  constracted  by  embedding  chiral  microstructures  in  a  host  medium.  The 
microstructure  size  should  be  large  enough  that  the  electromagnetic  wave  in  the  matrix  cun 
appreciate  the  handedness  of  the  microstructure:  at  the  same  time,  the  microstructure  size 
should  be  small  enough  so  that  the  composite  medium,  consisting  of  a  chiral  phase,  is 
effectively  chiral. 

The  planar  chiral  samples  made  for  this  research  are  fashioned  by  embedding  large  numbers  of 
micro-miniature  helices  in  a  host  material.  The  matrix  material.  Eccogel  1.^65-‘X).  produced  by 
Emerson  and  fuming,  is  a  homogeneous,  isotropic  and  low  loss  dielectric  material.  As 
Eccogel  is  a  durable  thermosetting  plastic,  samples  then  can  be  repeatedly  used  without 
changing  their  physical  dimensions.  The  chiral  inclusions  have  the  dimensions  pitch  R  = 
0.(1.6292  cm,  radius  a  =  0.0.6842  cm.  and  }  turns. Detailed  information  about  the  procedure  to 
make  isotropic,  homogeneous  chiral  composites  can  be  found  in  Guire  ( 1988). 
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2.  MEASUREMENTS  OF  ELLIPTICITY  AND  ROTATION  ANGLE 

The  general  procedure  for  measuring  the  angle  of  rotation  in  a  free-space  measurement  system 
is  illustrated  in  Fig.  1.  The  block  diagrams  shown  in  Fig.  1  are  the  cross-sections  of  the 
rectangular  waveguide  which  connect  the  antennas  and  control  the  polarization  directions  of 
the  antennas.  The  arrows  in  the  figure  indicate  the  directions  in  which  each  antenna  is 
polarized  as  a  result  of  the  feed  positions.  At  position  A.  both  transmitting  antenna  (left)  and 
receiving  antenna  (right)  have  the  same  polarization  direction  and  they  are  said  to  be  co¬ 
polarized.  The  free-space  TRL  calibration  method  (Ghogaonkar.  1989.  1990)  is  implemented 
next.  Then  the  rectangular  waveguide,  which  is  connected  to  the  receiving  antenna,  is  rotated 
90  degrees.  This  makes  the  antennas  cros.s-polarized  as  shown  in  Fig.  1  position  B,  which 
implies  that  the  directions  of  the  antennas  are  90  degrees  with  respect  to  each  other  and  at  this 
position  the  system  is  set  to  extinction.  When  the  system  is  .set  to  extinction,  the  chiral  sample 
is  inserted.  Transmission  increases  because  the  chiral  rotation  causes  a  component  of  the 
transmitted  wave  (S2icross>  parallel  to  the  polarization  direction  of  the  receiving 
antenna.  The  antennas  are  now  rotated  along  their  common  axis  until  a  minimum  level  of  the 
transmission  wave  (S2jrnin*  achieved  as  shown  in  Fig.  1  position  C.  .4t  this  position,  the 
angle  rotated  between  the  antennas  is  the  measured  rotation  angle  of  the  chiral  sample. 

Figure  2  shows  the  plot  of  the  chirality  parameter  versus  the  frequency.  For  the  racemic 
sample,  both  the  real  and  imaginary  parts  of  the  chirality  are  approximately  zero  as  they  should 
be.  The  real  parts  of  the  chirality  parameter  have  positive  and  negative  values  for  tlie  right-  and 
left-handed  .samples,  respectively,  in  the  frequency  range  of  8-40  GHz.  Their  values  are 
almost  the  same  but  with  opposite  signs.  The  imaginary  parts  of  the  right-  and  left-handed 
samples  shown  in  Fig.  2  have  almost  the  same  values  but  with  different  frequencies. 

3.  CONCLUSION 

It  has  been  shown  that  the  free-space  measurement  system  can  be  used  as  a  microwave 
polarimeter  with  very  good  accuracy.  The  chirality  parameter  p  of  the  racemic  samples  has  a 
value  of  approximately  zero  over  the  whole  frequency  range.  For  the  handed  samples,  both 
the  real  and  imaginary  parts  of  the  chirality  parameter  P  increase  as  the  volume  concentration 
of  the  chiral  sample  increa.ses.  In  addition,  with  the  same  volume  concentrations,  inversely 
handed  samples  have  almost  the  same  values  but  with  opposite  signs  tor  the  real  and 

imaginary  parts  of  the  chirality  parameter  p. 
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Fig.  1 .  Procedure  of  measuremenl  of  the  rotation  angle. 
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Frci)ucin.y  (  GH/) 


Fig.  2.  The  chirality  parameters  P  of  the  3.2%  chiral  composite  samples. 
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Prospects  for  electronic  component  distribution  in  intelligent  structures 
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ABSTRACT:  Some  hardware  implications  of  control  system  functionality  distribution 
in  intelligent  structures  are  addressed;  it  is  suggested  that  distributed  and  embedded 
systems  can  have  substantially  fewer  external  communications  lines  and  faster  control 
loop  speeds  than  conventional  approaches,  at  the  cost  of  embedding  electronic  circuit 
chips.  The  application  of  a  single-chip  miertKomputer  to  the  control  of  a  structural 
vibration  problem  demonstrates  the  potential  for  the  development  of  monolithic 
integrated  circuit  devices  capable  of  performing  distributed  processing  tasks  required 
for  fully  integrated  intelligent  suatenares. 


1.  INTRODUCTION 

The  application  of  fully  integrated  intelligent  structures  depends  on  the  development  of  suitable 
actuators,  sensors,  processors,  and  algorithms.  In  the  area  of  strain  control,  substantial  work 
has  been  performed  to  demonstrate  the  operation  of  actuators  such  as  piezoelectrics  and  shape 
memory  alloys  (Crawley  and  de  Luis,  1987,  Rogers  et  al,  1989),  and  sen.sors  such  as 
fiberoptics  and  other  strain  sensors  (Turner  et  al,  1990),  which  would  be  suitable  for 
embedding  in  an  intelligent  structure.  Algorithms  for  the  control  of  structures  with  large 
numbers  of  highly  distributed  sensors  and  actuators  have  also  been  suggested  (Young,  1983. 
Hall  et  al,  1989).  Recently,  work  has  also  been  done  to  demonstrate  the  feasibility  of 
physically  embedding  the  electronic  components  used  to  implement  the  control  algorithms 
(Warkentin  and  Crawley,  1991). 

The  actual  application  of  intelligent  structures  technology  will  depend  on  the  realization  of 
tangible  benefits  and  the  existence  of  sufficiently  powerful  embeddable  components.  The 
purpose  of  this  paper  is  to  suggest  some  of  those  potential  benefits  and  to  demonstrate  the 
implementation  of  structural  control  with  single  chip  microcomputer. 
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2 .  BENEFITS  OF  DISTRIBUTION  AND  EMBEDDING 


A  substantial  amount  of  circuitry  is  required  to  support  the  function  of  the  actuators  and 
sensors.  Sensors  and  actuators  must  be  powered,  and  signals  to  and  from  the  transducers 
must  be  conditioned  and  perhaps  digitized.  The  control  processing,  either  in  analog,  digital, 
or  hybrid  form,  must  also  be  performed  by  integrated  circuits.  The  components  which 
perform  these  functions  may  be  centrally  located  as  in  traditional  control  systems,  or 
distributed  to  a  greater  or  lesser  degree.  To  quantify  some  of  the  implications  of  the  level  of 
distribution,  we  may  consider  the  application  of  a  control  system  to  an  idealized  structure 
consisting  of  n  nodes,  each  associated  with  an  actuator  and  position  and  rate  sensors,  so  that  a 
full-state  feedback  control  system  could  be  implemented.  The  components  which  perform  the 
control  functions  may  be  centrally  located  as  in  traditional  control  systems,  or  distributed  to  a 
greater  or  lesser  degree,  as  illustrated  in  Options  I  and  11  in  Figure  1.  Option  I  shows  a  case  in 
which  only  the  .sensor  and  actuator  transducers  themselves  are  integrated,  so  that  at  least  one 
signal  line  from  each  transducer  must  leave  the  structure. 


(edge  of  structure) 


Fig.  1.  Two  options  for  distributing  functionality.  DC=digital  computer,  AP=analog 
processing,  S=sensor  transducer,  A=actuator  transducer,  GDC=global  digital  computer, 
LDC=local  digital  computer. 

Distributing  analog  processing  as  well  as  the  transducers  could  improve  signal  to  noise  ratios 
at  the  cost  of  a  small  increase  in  the  number  of  conductor  lines  and  a  number  of  chips 
proportional  to  the  number  of  structural  nodes.  If  the  presence  of  those  chips  is  supportable, 
however,  a  substantial  savings  in  terms  of  lines  can  be  obtained  by  distributing  digital 
conversion  and  bus  interface  functions  as  well.  At  the  cost  of  another  slight  increase  in  the 
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number  of  chips,  the  distributed  processing  in  a  hierarchic  system  could  also  be  embedded,  as 
shown  in  Option  II  of  Figure  1.  In  this  case,  each  local  digital  computer  processes 
information  from  a  group  of  transducers,  and  in  turn  is  connected  on  a  bus  with  the  global 
computer.  For  concreteness,  the  number  of  local  processors  is  taken  to  be  the  square  root  of 
the  number  of  structural  nodes  n.  Assuming  an  8-bit  parallel  data  bus  structure  with  typical 
handshaking  line  requirements,  as  well  as  high  and  low  voltage  power  lines,  grounds,  and  a 
clock  signal,  we  can  produce  a  system  in  which  the  number  of  lines  is  a  constant  plus  a  term 
of  order  Odog^n)  ,  accounting  for  the  number  of  lines  required  to  address  all  the  local 
processors.  This  line  count  reflects  only  those  lines  entering  the  structure. 

An  integrated  digital  bus  could  of  course  be  implemented  with  out  distributing  the  processing 
in  a  hierarchic  fashion;  the  real  benefits  of  this  option  are  to  be  found  in  the  comparison  of 
control  loop  speeds  achievable  with  undistributed  and  distributed  computational  power. 
Based  on  the  algorithm  presented  in  (Hall  et  al,  1989),  the  number  of  equivalent  operations 
required  for  a  fixed  gain  hierarchic  controller  may  be  computed  and  compared  with  the  number 
required  to  implement  a  traditional  centralized  fixed  gain  controller  such  as  a  linear  quadratic 
regulator.  After  making  plausible  assumptions  as  to  relative  computation  and  data 
transmission  rates,  the  results  of  this  comparison  are  presented  in  Table  1  along  with  the  chip 
and  line  counts  for  the  two  options. 


Table  1.  Numbers  of  communications  lines,  distributed  chips,  and  control  loop  durations  for 
two  levels  of  distributed  functionality. 

Centralized  Hierarchic 


Chips  embedded 

0 

3n-t- Vn 

Communication  lines 

3n  +  2 

/ 

16  + max  8, 

^log2” 

] 

Control  loop  duration 
(equiv.  operations) 

0(n2) 

0(n) 

The  table  shows  that  by  integrating  electronic  functionality  in  the  structure  along  with  the 
transducers  a  substantial  reduction  may  be  achieved  in  the  number  of  power  and  signal  lines 

entering  the  structure,  at  the  cost  of  embedding  some  number  of  integrated  circuits.  The 
reduction  in  control  loop  speed  can  also  be  substantial,  as  suggested  by  the  quadratic 
dependence  on  the  number  of  structural  nodes  in  the  centralized  option  and  the  linear 
dependence  in  the  hierarchic  option. 

The  application  of  the  hierarchic  algorithm  developed  in  (Hall  et  al,  1989)  achieves  its  faster 
execution  times  by  means  of  the  inherent  parallelism  of  the  distributed  local  control,  but  also 
through  model  reduction  at  the  global  level.  The  separation  into  global  and  local  levels  allows 
a  natural  correspondence  between  fast  local  loops  and  high  frequency  motion,  and  between  the 
relatively  slow  global  loop  and  lowc  frequency  motion.  This  structure  does  however  incur 
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some  penalty  in  t):e  form  of  computational  overhead  and  additional  communications,  so  that 
for  small  systems  the  hierarchic  approach  can  be  slower  than  the  centralized  approach.  As  the 
problem  size  increases,  though,  the  n  dependence  of  the  hierarchic  loops  quickly  wins  out 
over  the  rfi  dependence  of  the  centralized  loop,  as  shown  in  Figure  2. 


- centrsiizad  eoniroiler  loop 

-  —  hierarchic  (global  control  loop) 

—  —  hierarchic  (local  control  loop) 

10  r  — t - ' — I — — — - - - 


15 

S. 


'3 


Number  of  structura)  nodes,  n 


Fig.  2.  Comparison  of  equivalent  operations  required  by  three  control  loops:  the  centralized 
system  and  global  and  local  loops  of  the  hierarchic  system. 

3.  DEMONSTRATION  OF  SINGLE  CHIP  MICROCOMPUTER  CONTROL 

In  contrast  with  conventional  computer  control  systems  which  employ  many  specialized  chips 
to  perform  the  various  functions  of  signal  conversion,  computation,  storage,  and 
communication,  the  embedded  control  system  of  an  intelligent  structure  would  greatly  benefit 
from  the  use  of  processors  which  could  combine  as  many  functions  as  possible  on  a  single 
chip.  This  would  gready  simplify  the  interconnections  as  well  as  reduce  the  adverse  effect  on 
structural  integrity. 

The  Intel  87C196KB  is  a  commercially  available  microcomputer  which  incorporates  on  a 
single  chip  many  functions  (e.g.,  A/D  and  D/A  conversion,  high  speed  communication, 
memory)  which  are  traditionally  distributed  among  many  separate  chips.  It  is  apparent  that  a 
wide  variety  of  functions  can  now  be  combined  to  greatly  reduce  the  number  of  chips  required 
for  a  complete  control  system;  combined  with  the  ability  to  embed  electronic  components  in 
general,  this  puts  the  development  of  true  intelligent  structures  within  reach.  The  presence  of 
communication  pttrts  on  these  single  chip  microcomputers  makes  possible  their  incorporation 
into  a  network  of  such  devices.  This  system  could  yield  an  efficient  distribution  of 
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computational  load,  perhaps  in  the  implementation  of  a  hierarchic  controller  of  the  type 
described  above. 


Burst  random 
disturbance  input 


Fig.  3.  Schematic  of  setup  for  single-chip  microcomputer  control  experiment.  Shows  beam 
plant,  actuators,  sensor,  and  feedback  loop  components. 

Figure  3  illustrates  a  simple  structural  control  experiment  in  which  the  single  chip 
microcomputer  was  used.  As  a  commercial  product  with  a  wide  range  of  intended 
applications,  the  microcomputer  could  not  be  expected  to  perform  all  dedicated  signal 
conditioning  and  amplification  functions  required  by  the  specific  sensor  and  actuator  hardware 
used  in  this  experiment;  a  custom  device  might  well  absorb  some  of  these  functions  as  well. 
The  classically  designed  compensator  consisted  of  a  zero  at  the  origin  and  two  real  poles  at 
383  Hz,  and  a  sampling  rate  of  14,7  kHz  was  attained.  T  he  tip  displacement  disturbance 
response  of  the  cantilever  beam  with  piezoelectric  actuators  was  reduced  by  20  dB  from  the 
open-loop  level,  and  damping  ratios  of  31%,  4%,  and  11%  were  achieved  in  the  first  three 
1  ades,  demonstrating  a  substantial  degree  of  control  effectiveness.  Figure  4.  shows  the 
frequency  response  for  the  open  loop  case  and  for  three  closed  loop  gains;  the  large  damping 
achieved  in  several  modes  is  apparent,  as  is  the  authority  exerted  in  shifting  the  frequency  of 
the  second  mode.  This  achievement,  together  with  the  other,  unused  functions  present  on  the 
chip,  supports  the  conclusion  that  with  a  still  greater  level  of  functional  integration,  leading  to 
a  further  reduction  in  the  number  of  components  and  increased  suitability  for  physical 
embedding,  such  a  device  nr  a  near  derivative  might  well  be  able  to  perform  as  a  local 
controller  in  the  hierarchic  control  architecture  of  an  intelligent  structure. 
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Fig.  4.  Structural  control  with  a  single  chip  microcomputer.  Response  to  disturbance  at  open 
loop  and  four  closed  loop  gains. 
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ABSTRACT:  Three  optical  fibers  terminated  with  reflecting  end  coatings  have  been 
embedded  in  a  graphite  epoxy  double  jointed  bond  transverse  to  the  load  axis.  Joint 
specimens  were  prepared  with  and  without  simulated  disbonds.  A  technique  has  been 
developed  of  measuring  the  combined  phase  and  amplitude  swept  radio  frequency  (rf) 
amplitude  modulation  reflections  of  the  optical  signal  injected  into  the  embedded  fibers, 
obtaining  the  time  domain  response  (TDR)  from  the  rf  frequency  response  and  making  a 
differential  comparison  between  TDR  signatures  of  a  joint  in  its  strained  and  unstrained 
state.  Correct  placement  of  the  fibers  is  contingent  on  correct  interpretation  of  finite 
element  modeling  of  predicted  strain. 


1 .  INTRODUCTION 

The  phase-amplitude  response  of  swept  ultra-high  frequency  (UHF)  laser 
amplitude-modulated  light  transmitted  through  composite  embedded  optical  fibers  is  being 
used  to  measure  strain  in  test  structures  subject  to  tensile  loading.  The  objective  is  to  identify 
differences  in  resulting  strain  fields  due  to  the  presence  or  absence  of  defects. 

Culshaw  and  Dakin  (1989)  describe  a  broad  variety  of  intensity  and  optical  phase 
interferometric  fiber  optic  sensors.  This  technique  borrows  from  Rogowski,  et  al,  [1988]  in 
that  the  change  in  phase  delay  of  the  transmitted  ultra-high  frequency  (UHF)  modulation 
signal  is  a  measure  of  integrated  strain  in  the  fiber  embedded  in  the  stfucture.  Now, 
however,  we  seek  to  measure  small  spatial  differences  in  strain  imjrosed  by  transverse 
loading.  This  is  accomplished  by  embedding  several  optical  fibers  of  different  penetration 
lengths,  which  are  simultaneously  illuminated  by  a  single  modulated  laser  source  through  a 
3x3  fiber  optic  coupler.  Each  fiber  is  terminated  with  a  cleaved,  metalized  end,  causing  the 
optical  signal  to  reflect  back  efficiently  through  the  optical  splitter  to  a  detector.  The 
pha.se-magnitude  characteristics  of  the  reflected  signals  from  the  three  fibers  are  determined 
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by  a  UHF  network  analyzer  in  the  transmission  measurement  mode.  A  fast  Fourier 
transform  (FFT)  performed  automatically  by  the  network  analyzer  yields  a  transmission 
mode  time  domain  image  of  the  reflection  from  the  fiber  ends,  which  appear  as  distinct 
reflections.  Time  and  frequency  domain  information  are  simultaneously  available.  Using  a 
signal  subtraction  process,  small  strains  are  detected  using  differencing  techniques,  and 
information  about  the  nature  of  the  strain  field  should  make  identification  of  defect  generation 
possible. 

2.  MODELING  AND  DESIGN  OF  BONDED  JOINT  SPECIMEN 

A  bonded  joint  was  designed  to  test  the  feasibility 
of  observing  strain  fields  and  strain  anomalies 
due  to  Joint  disbonds  by  means  of  fiber  optic 
sensors  incorporated  in  the  composite.  The  joint 
material  is  graphite/epoxy  composite  throughout. 

Figure  1  is  a  schematic  of  the  specimens, 
showing  where  the  optical  fibers  and  simulated 
disbond  Teflon  inserts  were  placed  relative  to  the 
bond  region.  The  fibers  were  placed  in  the 
mid-plane  of  the  central  tongue  of  the  joint  and 
penetrate  to  different  lengths  across  the  joint. 

The  Teflon  inserts  were  0.5  and  1.0  inches  in 
radius  and  were  placed  in  two  samples  to  form 
semicircular  disbonds,  as  shown  in  the  figure. 

Specimens  placed  under  tensile  load  experience  lateral  (transverse)  contraction,  parallel  to  the 
optical  fibers,  which  undergo  the  same  strain  as  the  surrounding  medium.  The  different 
degree  of  penetration  of  each  fiber  into  the  joint  region  would  result  in  a  different  degree  of 
net  strain  in  each  fiber.  A  2.0  x  1.9  in.^  portion  of  the  bonded  region  was  modeled  by  finite 
element  methods  (FEMj  to  p'cdict  the  two-dimensional  stress  field  in  the  center  tongue  as  a 
function  of  load  and  disbond  area  in  one  adjacent  adhesive  bond. 

Transverse  strain  results  of  the  analysis  are  shown  in  two-dimensional  plots  in  Figure  2  for 
the  specimen  with  a  0.5  in  radius  disbond.  The  strain  experienced  by  the  optical  fibers, 
located  at  axial  location  16,  is  thus  indicated  by  values  between  curves  at  axial  locations  15 
and  17.  Adherend  compressive  strain  increases  monotonically  from  the  outer  edge  (axial 
location  21)  as  the  adherend  gradually  accepts  the  distributed  shear  load.  Transverse  strain 
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levels  vary  from  about  125  n-inches/inch  to  300  ji-inches/inch  for  an  applied  load  of  1000 
pounds  per  inch.  Predicted  strain  in  all  three  optic  fibers  will  be  about  -160  micro  strain. 
Results  indicate  that  the  transverse  strain  field  remains  unchanged  only  at  the  greatest  distance 
from  the  disbond  (lateral  location  1).  Compared  to  the  no-disbond  case,  strain  generally 
decreases  near  the  disbond  due  to  the  lower  total  applied  load.  Within  the  disbond  itself, 
however,  compressive  strain  rapidly  increases,  caused  by  the  elongation  of  the  unloaded  area 
in  the  axial  direction.  Along  the  optic  fibers,  strain  levels  remain  unchanged  between  lateral 
locations  1  and  10,  then  decrease  from  about  -170  microstrains  at  lateral  location  10  to  -100 
microstrains  at  lateral  location  18. 
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Figure  2.  FEM  predicted  strain  in  bonded  region  with  0.5  in  radius  disbond. 


3.  FIBER  OPTIC  STRAIN  SENSOR  SYSTEM 


The  fiber  optic  system  designed  to  measure  strain  in  the  double  lap  joint  is  shown  in  Figure 
3.  A  network  analyzer  provided  a  swept  if  signal  from  300  kHz  to  3  GHz  [3].  This  signal 
modulated  the  amplitude  of  a  high  speed  diode  laser  transmitter  [Ortel,  TSL-3001  and  was 
coupled  to  a  50  micron  coie  multimode  fiber  at  the  optical  output  port.  This  fiber  was  spliced 
to  one  fiber  of  a  3  x  3  beam  splitting  coupler  (Canstar).  The  three  output  fibers  were  spliced 
to  three  fibers  embedded  in  the  center  tongue  of  the  double  lap  joint,  as  described  earlier,  and 
shown  in  Figure  3.  Each  embedded  fiber  is  a  50  micron  core/ 125  micron  cladding  step  index 
mode  fiber  coated  with  polyimide  to  a  total  outer  diameter  of  1 45  microns.  The  lengths  of  the 
three  fibers  from  the  3  x  3  coupler  to  the  specimen  are  arbitrary,  and  can  be  chosen  to 
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simplify  signal  processing,  described  later. 


Figure  3.  Configuration  of  optical  fibers  in  specimen  and  data  acquisition  system. 

The  embedded  fibers  were  end  coated  with  gold  to  produce  a  substantial  reflection.  The 
reflected  light  returned  through  the  coupler  and  is  split  three  ways.  Only  the  fibers  carrying 
the  light  from  the  laser  to  the  specimen  and  back  to  the  detector  are  of  interest  -  the  third 
return  fiber  is  ignored,  and  is  not  shown  in  the  figure. 

The  high  speed  detector  detector/receiver  (Ortel,  RSL-50)  was  ac  coupled  to  the  input  port  of 
the  network  analyzer  (HP-8752A  vector  network  analyzer).  An  rf  transmission  measurement 
previously  described  by  Schoenwald,  et  al  (1990)  provides  a  magnitude  and  phase  record  of 
the  sum  of  the  three  optical  signals,  which  are  of  different  path  length,  and  which  therefore 
produces  a  complex  interference  pattern  in  the  frequency  domain  measured  from  300  kHz  to 
3  GHz.  Interpretation  of  strain  effects  from  the  frequency  spectrum  is  difficult.  Instead,  we 
are  able  to  perform  a  network  analyzer- based  Fast  Fourier  Transform  (FFT)  and  convert  the 
frequency  domain  information  to  a  transmission  time  domain  representation.  In  effect, 
reflections  from  the  fiber  ends  are  observable  as  optical  sources  at  a  given  distance  along  the 
optical  path.  The  FTT  performed  on  the  frequency  domain  data  produces  a  time  domain 
signal  equivalent  to  an  optical  time  domain  reflectometer.  To  observe  strain  effects  in  the 
specimen  using  the  fiber  sensor,  a  subtraction  procedure  was  used.  As  load  was  applied  to 
the  specimen,  time-averaged  waveforms  of  new  time  domain  data  (TDD)  were  subtracted 
from  a  reference  waveform  of  TDD  of  the  specimen  in  the  zero  load  state.  These  differences 
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represent  the  degree  to  which  the  strained  fiber  endpoints  have  shifted  relative  to  the  unloaded 
state,  and  the  dependence  is  predicted  to  be  linear  for  small  strains. 

4.  EXPERIMENT  AND  DISCUSSION 

Tensile  loads  up  to  16,000  lbs  were  applied  to  the  specimen  containing  a  1.0  in.  radius 
Teflon  insert.  Figure  4  is  a  representative  set  of  curves  for  this  specimen.  The  first 
difference  curve  indicates  a  nearly  negligible  response,  whereas  curves  2  and  3  indicate  a 
trend  of  increasing  signal  with  load,  but  with  variations  in  the  trends.  These  variations  were 
somewhat  repeatable  with  repetition  of  the  measurements;  since  considerable  time  averaging 
was  performed,  noise  is  discounted  as  a  probable  reason  for  such  variations.  We  suspect  the 
variations  are  due  to  interfacial  disbonding  between  the  fibers  and  the  composite  matrix. 
Hysteresis  lag  during  load  reduction  tends  to  support  this  interpretation.  Further  tensile 
testing  and  ultimately  destructive  sectioning  and  photomicrograph  analysis  may  explain  the 
observed  behavior  of  the  sensor.  Interfacial  adhesion  between  optical  fiber  coatings  and  both 
the  fiber  and  composite  matrix  are  of  critical  concern. 
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Figure  4.  Differential  signal  response  of  FFT  waveforms  versus  applied  load 
5.  SUMMARY 

We  have  described  a  fiber  optic  sensor  designed  to  detect  disbonds  in  double  bonded  joints 
of  graphite/epoxy  composite.  The  ability  to  observe  such  disbonds  has  implications  for 
health  monitoring  systems  applications  in  a  variety  of  structures,  including  space  launch 
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vehicles.  The  sensor  is  based  on  the  signal  processing  of  the  complex  amplitude  and  phase 
response  of  the  summed  reflections  of  radio  frequency  amplitude  modulated  light  in  three 
optical  fibers  embedded  in  a  composite  structure  to  different  penetration  distances.  An  FFT 
reduces  the  complex  frequency  information  to  a  time  domain  representation  of  reflection 
pulses,  which  can  be  digitized  and  differenced  from  reference  time  domain  waveforms. 
Observable  trends  indicate  that  fibers  of  greater  penetration  depth  show  greater  strain 
response,  but  questions  remain  as  to  the  bond  integrity  between  the  fibers  and  the  composite 
matrix,  and  pos'^ible  sources  of  noise  which  affect  the  predicted  monotonic  behavior  of  the 
processed  signals. 
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Fiber-optic  sensor  integration  and  multiplexing  techniques  for  smart  skin  applications 

J.  D.  Muhs,  S.  W.  Allison,  C.  J.  Janke,  S.  Kercel,  and  D.  B.  Smith 
Oak  Ridge  National  Laboratory* 

Abstract 

Integration  and  multiplexing  techniques  for  smart  skin  applications  using  optical  fibers  has 
become  an  increasingly  important  topic  of  research  in  recent  years.  This  paper  reviews  the  initial 
stages  of  research  in  this  area  at  the  Oak  Ridge  National  Laboratory  (ORNL).  Specifically,  results 
from  first  generation  fiber-optic  temperature  and  strain  sensor  development  efforts  are  given,  along 
with  a  discussion  of  various  integration  and  multiplexing  techniques  proposed  for  future  development. 

1.  Introduction 

With  the  evolution  of  advanced  composites  for  use  in  military,  aerospace,  and  industrial 
applications,  comes  a  growing  need  for  sensors  capable  of  monitoring  the  condition  of  these  materials. 
Ideally,  a  single-sensor  system  will  be  able  to  evaluate  several  physical  parameters  simultaneously  over 
the  composite's  lifetime  to  insure  safety  and  reliability.  "Smart"  composite  structures  having  a 
multitude  of  sensor  arrays  will  al.so  self-diagnose  possible  failure  mechanisms  prior  to  their  occurrence 
and  potentially  be  apjilicahlc  during  the  curing  phase  of  the  composite  fabrication  process.  To 
achieve  these  goals,  further  sensor  experimentation  by  researchers  is  necessary  to  overcome  some  of 
the  barriers  associated  with  current  state-of-the-art  sensor  systems. 

Techniques  in  common  use  for  detecting  composite  strength  degradation  after  curing  include 
the  eddy  current  and  ultrasonic  methods.  Using  these  techniques,  determining  the  structural  integrity 
of  complex  composite  structures  becomes  cost  intensive  because  of  the  (a)  periodic  and  prolonged 
down-time  required  for  nondestructive  evaluation,  (b)  extensive  time  required  to  fully  test  the 
structures,  and  (c)  difficulty  in  interpreting  and  drawing  useful  conclusions  from  the  measurements. 

A  new  sensor  technology  using  optical  fibers  has  recently  emerged  as  a  potentially  superior  alternative 
to  the  conventional  techniques  for  nondestructive  evaluation  because  of  the  inherent  advantages  it 
possesses.  A  unique  property  of  an  optical  fiber  is  its  compatibility  with  composite  structures.  The 
small  size  of  an  optical  fiber  allows  it  to  be  embedded  in  a  composite  matrix  without  noticeably 
degrading  the  overall  strength  of  the  composite.  Fiber-optic  sensors  are  intrinsically  safe,  passive 
systems  that  require  no  shielding  from  electromagnetic  interference.  Optical  fibers  can  also  be  made 
to  detect  a  wide  range  of  physical  parameters  and  can  act  both  as  a  transducer  and  a  transmission 
medium.  Such  seasors  also  offer  the  potential  for  continuous,  remote  self-monitoring  of  composite 
structures  during  their  service  lifetime.  This  feature  eliminates  many  of  the  problems  associated  with 
conventional  nondestructive  evaluation  techniques. 

Strain  Measurement 

In  recent  years,  research  has  begun  on  strain  measurements  in  fully  cured  composites  using 
optical  fibers.  The  need  for  such  devices  for  structural  fatigue,  vibration,  and  delamination 
monitoring  in  composites  is  unquestionable.  The  embedded  fiber-optic  strain  measurement 
techniques  used  by  researchers  to  date  consist  of  (a)  multimode  optical-fiber  microbending,  (b) 
singlemode  fiber-optic  interferometry,  (c)  modal  domain  crosstalk  (using  two-core  optical  fibers),  and 
(d)  optical  time  domain  reflectometry  (OTDR).' 

‘Prepared  by  Ihe  Oak  Ridge  National  I.aboraiory,  Oak  Ridge,  Tennessee  3783t-7280.  Managed  by  Martin  Marietta  Energy 
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Heat  Damage  Monitoring 

The  detrimental  effects  of  overheating  on  composite  strength  has  been  well  documented.  For 
example,  the  strength  of  a  21 -ply,  epoxy-based  IM6^501-6  composite  (manufactured  by  Hercules) 
decreases  by  approximately  one  order  of  magnitude  when  heated  from  300“C  to  600“C,  although  not 
visually  detectable.  Several  techniques  are  currently  being  pursued  for  measuring  surface  heat  damage 
after  the  high-temperature  exposure  has  occurred.^-*-*  However,  most  researchers  feel  that  real-time 
temperature  monitors  using  embedd.  .ensors  will  give  the  best  indication  of  heat  damage  in 
composites.  In  the  past,  thermocouples  have  been  used  almost  exclusively  for  this  task.  However, 
the  attractive  features  of  embedded  fiber-optic  sensors  mentioned  earlier  make  them  a  viable 
alternative,  especially  when  multiplexed  with  other  types  of  fiber-optic  sensors. 

Moisture  Content  Determination 

In  epoxy-based  composite  structures,  moisture  adversely  effects  the  resin  and  decreases  the 
overall  strength  of  the  structure.  Furthermore,  the  added  weight  created  by  moisture  can  be 
detrimental  to  the  structures  survivability.  Optical  techniques  capable  of  monitoring  moisture  in  air 
(humidity)  have  been  well  documented  in  the  past.’  **  However,  miniature  fiber-optic  moisture 
sensors  must  be  developed  for  embedded  composite  sensor  applications. 

2.  Preliminary  Experimental  Results  and  Discussion 

Temperature  Sensing 

When  excited  by  ultraviolet  and/or  visible  laser  light,  certain  phosphors  will  fluoresce  in  the 
visible  portion  of  the  electromagnetic  spectrum.  Hence,  the  technique  chosen  for  further 
development  at  ORNL  is  based  on  UV-excited  two-color  (wavelength)  fluorescence  amplitude 
ratioing.  The  fluorescence  amplitude  of  two  separate  wavelengths  vary  with  temperature  changes. 
As  the  temperature  of  the  phosphor  fluctuates,  the  ratio  of  the  two  fluorescence  signals  is  altered. 
To  insure  the  ultraviolet  light  interacts  with  the  phosphor  during  the  measurement,  the  optical  fiber 
(in  our  case  a  100/120pm  glass-on -glass  fiber)  was  etched  using  hydrofluoric  acid  until  its  core  was 
exposed.  Next,  a  temperature -sensitive  phosphor  was  applied  to  the  etched  region  using  a  epoxy 
binder.  Figure  1  illustrates  the  experimental  setup  used.  Preliminary  results  from  one  particular 
phosphor  have  shown  the  technique  to  be  a  viable  method  of  discerning  temperature  changes. 

The  composite’s  epoxy  resin  itself  will  fluoresce  when  excited  by  broadband  ultraviolet  and/or 
laser  light.  Preliminary  experiments  at  ORNL  have  shown  that  in  some  cases  this  intrinsic 
fluorescence  phenomena  is  directly  dependent  on  the  maximum  temperature  experienced  by  the 
compounds,  see  Fig.  2. 

Strain  Sensing 

The  approach  used  at  ORNL  for  strain  sensing  entails  the  use  of  singlemode  optical  fiber 
and  incorporates  the  technique  of  OTDR.  In  general,  the  OTDR  technique  is  based  on  the  fact  that 
if  a  very  small  duration  light  pulse  is  sent  down  an  optical  fiber,  reflections  at  fiber  discontinuities  will 
send  return  signals  back  in  the  opposite  direction,  as  depicted  in  Fig.  3.  By  measuring  the  time  of 
flight,  tj,  between  con.secutive  reflections,  one  can  determine  the  relative  magnitude  of  the  length  of 
optical  fiber  located  between  the  two  discontinuities  (reflections). 

Recently,  a  preliminary  proof-of-principle  evaluation  of  the  OTDR  technique  has  been 
initiated  at  ORNL.  In  these  experiments,  a  OTDR  system  (similar  to  the  one  depicted  in  Fig.  1)  was 
assembled  using  off-the-shelf  Tektronics  and  Opto-Electronics,  Inc.  components  and  experimental 
data  taken.  A  fiber-optic  strain  sensor  having  a  longitudinal  gauge  length  of  approximately  one  meter 
was  hard-mounted  at  one  end  and  afTixcd  to  a  single-axis  translation  stage  at  the  other.  The 
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singlcmode  optical  fiber  was  then  elongated  by  moving  the  translation  stage  in  increments  of  400  pm. 
The  relative  changes  in  time-of-flight  measurements  were  recorded.  Figure  4  shows  the  results  of 
five  identical  elongation  sample  experiments.  The  strain  sensitivity  of  the  system  was  -400 
microstrain,  but  with  further  refinement  of  the  sensor  architecture  and  improved  components,  the 
sensitivity  is  expected  to  improve  by  a  factor  of  -100. 
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Sensor  Multiplexing  and  Integration 

Several  techniques  for  multiplexing  the  above  sensors  have  been  investigated  for  further 
development.  For  instance,  wavelength  division  multiplexing  will  likely  be  implemented  in  the 
tluorcscence  temperature  sensing  system  by  depositing  different  phosphors  at  distinct  locations  along 
the  length  of  an  embedded  optical  fiber.  In  addition,  the  development  of  a  proprietary  optical  fiber 
capable  of  multiplexing  singlemode  and  multimode  sensors  is  also  being  pursued  at  ORNL. 

Samples  of  composite  materials  were  fabricated  using  preliminary  embedding  techniques.  The 
.samples  were  fabricated  from  Hercules  IM6G/3501-6,  unidirectional,  prepreg  12  inches  wide  in  a  16- 
ply  quasi-isotropic  symmetrical  layup  -  (-i-45/-45/90/0/-f45/-45/90/0].  Optical  fibers  were  embedded 
at  three  locations  by  placing  groups  of  one,  two,  and  three  polyamide  coated  100/120/1SO  pm 
multimode  fibers  side-by-side  (a  total  of  six  fibers)  in  the  composite  (spaced  approximately  three 
inches  apart).  Testing  that  was  performed  on  these  panels  included  thickness  measurements, 
interlaminar  shear  strength  determinations,  scanning  electron  micrographs,  and  optical 
photomicrographs.  The  results  of  these  tests  were  (a)  no  abnormal  thickness  differences  were  evident 
between  areas  containing  the  embedded  optical  fibers  compared  to  areas  in  which  there  were  no 
embedded  fibers,  (b)  tests  showed  that  there  was  a  large  standard  deviation  in  shear  strength  data 
(due  to  large  void  content  and  that  the  implementation  of  optical  fibers  had  no  discernable  effect  on 
the  strength  of  the  specimens,  and  (c)  the  scanning  electron  micrographs  and  optical 
photomicrographs  identified  several  small  voids  adjacent  to  the  optical  fibers  which  likely  resulted 
from  poor  (low  of  the  eptjxy  resin  system  during  cure. 

3.  Summary 

TTiis  paper  has  reviewed  integration  and  multiplexing  techniques  for  smart  skin  applications 
using  optical  fibers  being  developed  at  ORNL.  along  with  providing  preliminary  data  on  fiber-optic 
temperature  and  strain  sensors. 
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Fig.  3.  Optical  Time  Domain  Refleclomelry  (OTDR)- 
ba.sed  fiber-optic  strain  sensor  experimental 
arrangement. 
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Fig.  4.  Time-of-Flight  vs  displacement  for  1  m 
gauge  length  OTDR  strain  sensor. 
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Control  of  smart  traversing  beam 


A.Baz,  J.Ro,  S.Poh  and  J.Gilheany 

Mechanical  Engineering  Department.  The  Catholic  University  of  America  , 
Washington,  DC  20064 

ABSTRACT 

Shape  memory  Nickel-Titanium  alloy  (NITINOL)  is  utilized  in  developing 
SMART  traversing  beams  for  use  in  critical  applications  where  weight  and 
deflection  are  of  utmost  Importance  such  as  the  launching  and  crossing 
operations  of  long  support  bridges.  The  NITINOL  fibers  are  placed  at 
critical  locations  inside  the  traversing  beams  to  sense  and  control  the 
beam  deflection.  With  such  capabilities,  it  would  be  possible  to 
manufacture  light  weight  and  long  span  support  bridges  which  can  be  easily 
handled  in  short  emplacement  time. 

A  finite  element  model  is  developed  to  describe  the  static 
characteristics  of  a  thin-walled  square  cross  section  cantilever  beam 
subjected  to  concentrated  moving  loads.  The  model  accounts  for  the  control 
action  provided  by  the  phase  recovery  forces  generated  by  the  NITINOL 
fibers  due  to  their  activation  by  the  control  system.  A  closed-loop 
computer-controlled  prototype  of  the  SMART  beam  is  built  to  demonstrate  the 
feasibility  of  the  concept.  The  sides  of  the  prototype  beam  are  made  of 
photoelastic  plates  in  order  to  monitor  the  stress  distribution  in  the  beam 
with  and  without  the  activation  of  the  NITINOL  fibers.  The  experimental 
stress  distribution  and  beam  deflection  are  found  to  be  in  good  agreement 
with  the  predictions  of  the  finite  element  model.  The  results  obtained 
successfully  demonstrate  the  effectiveness  of  the  NITINOL  fibers  in  sensing 
and  controlling  the  deflection  of  this  class  of  SMART  beams. 

1 .  INTRODUCTION 

Emphasis  has  been  placed  recently  on  the  development  of  a  wide 
spectrum  of  SMART  structures  that  have  built-in  sensing,  actuation  and 
control  capabilities.  These  structures  can  sense  external  disturbances, 
actively  compensate  for  them  in  appropriate  time  and  revert  back  to  their 
undeflected  shape  as  soon  as  these  disturbances  are  removed.  Distinct 
among  these  structures  are  those  reinforced  with  shape  memory 
Nickel-Titanium  alloy  (NITINOL)  fibers.  Such  structures  have  been 
considered  for  various  critical  applications  because  their  static  and 
dynamic  characteristics  can  be  easily  tailored  to  adapt  to  changes  in  the 
operating  conditions  CBaz  et  al  1991,  Rogers  1991  and  Ikegami  et.al  1990). 

In  the  present  study,  a  SMART  traversing  beam  is  developed  as  shown  in 
Figure  (1)  to  replace  conventional  traversing  beams  which  are  traditionally 
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manufactured  from  heavy  metallic  cross  sections.  Such  conventional  beams 
are  launched  from  a  truck  provided  with  a  massive  corinterbalance  weight  to 
resist  the  tipping  moment  generated  by  the  dead  weight  of  the  extended 
beam.  The  excessive  weight  of  the  metallic  traversing  beam  imposes  severe 
stress  and  deflection  constraints  on  the  maximum  length  of  its  span  which, 
in  turn,  limits  its  use  to  narrow  gap  support  bridges.  To  avoid  these 
problems  the  SMART  traversing  beam  concept  offers  a  viable  alternative  as 
the  metallic  beam  is  replaced  by  an  actively  controlled  light  weight 
composite  beam.  The  SMART  beam  will  operate  with  smal.-r  counterbalance 
weights  over  wider  gaps. 


MTINOI.  ACTUATOR 


'■(jL'NTtH  IIAIJM'K 
WMCIIT 


Figure  (1)  -  The  SMART  traversing  beam 

The  SMART  beam  relies  in  its  operation  on  two  sets  of  NITINOL  wires 
embedded  in  the  composite  fabric  of  its  thin-walled  hollow  cross  section. 
The  first  set  consists  of  'arge  diameter  wires  to  serve  as  actuators 
whereas  the  second  set  of  wires  is  made  of  much  smaller  diameter  wires  to 
act  as  sensors.  When  the  set  of  sensors  detects  deflections,  during 
launching  or  cross  over  operations,  a  signal  is  generated  which  is 
proportional  to  the  external  moment  acting  on  the  beam  (Baz  et  al  1991). 
This  signal  activates  a  appropriate  number  of  actuator  fibers  by  heating 
them  above  their  transition  temperature  (Duerig  1990,  Perkins  1975).  The 
resulting  phase  recovery  forces  times  the  distance  to  the  neutral  axis  of 
the  beam  generates  a  moment  which  counterbalances  the  gravitational  moment 
acting  on  the  beam.  This  action  considerably  reduces  the  beam  deflection. 

2.  PROTOTYPE  OF  THE  SMART  TRAVERSING  BEAM 

A  schematic  drawing  of  a  prototype  of  the  SMART  beam  is  shown  in 
Figure  (2).  The  beam  is  a  thin-walled  square  cross  section  beam  which  is 
17.5cm  x  5cm  x  5cm.  The  wall  thickness  of  the  beam  is  0.625  cm.  The  sides 
of  the  beam  are  made  of  a  photo-elastic  plate  (PS-4  from  Measurements 
Group,  Inc.,  Raleigh,  NO  in  order  to  monitor  the  stress  distribution  in 
the  beam.  The  top  and  bottom  faces  are  made  of  fiberglass-polyester 
composite  plates.  In  the  top  face,  a  set  of  0.55  rm  diameter  NITINOL 
actuator  fibers  are  embedded  inside  vulcanized  rubber  sleeves  while  in  the 
bottom  face  a  single  loop  of  a  0.15  mm  diameter  NITINL'  sensor  fiber  is 
bonded  o  the  composite  matrix.  The  actuator  fibers  are  fix^d  to  the  free 
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Figure  C2)  -  Prototype  of  the  SMART  traversing  beam 

end  of  the  beam  and  are  connected  to  a  load  cell  at  the  other  end  to 
monitor  the  force  generated  by  the  actuators  as  they  undergo  their  phase 
transformation.  The  sensor  fiber  is  connected  to  a  Wheatstone  bridge  and 
acts  as  a  distributed  strain  gage.  When  a  load  is  applied  to  the  beam,  the 
sensor  will  detect  the  developed  strains.  The  resulting  signal  is 
amplified  and  sent  to  the  computer  to  compute  the  required  control  action 
based  on  an  ON-OFF  control  strategy  with  a  dead  band  as  shown  in  Figure 
(3).  The  control  action  is  sent  to  a  power  amplifier  to  heat  (activate) 
the  NITINOL  actuator  set  in  order  to  bring  the  beam  back  to  its  undeflected 
position.  The  temperature  of  the  NITINOL  actuators  is  monitored  with  a 
thermo-couple.  The  stress  distribution  inside  the  beam  is  also 
continuously  monitored  by  placing  the  beam  inside  a  polariscope  and 
illuminating  it  with  diffused  light.  The  generated  fringes  are  recorded  by 
the  computer  via  a  video  camera  during  the  different  phases  of  operation. 

The  iso-chromatic  fringes  developed  in  the  photo-elastic  sides  of  the  beam, 
which  represent  the  contours  of  constant  shear  stress,  are  compared  with 
the  results  of  the  finite  element  model. 

The  effectiveness  of  the  NITINOL-based  sensing  and  actuation  is 
evaluated  by  moving  a  weight  at  different  speeds  over  the  beam  span  and 
monitoring  the  beam  deflection  with  and  without  the  activation  of  the 
control  system.  This  simulates  the  launching  operation  of  the  SMART 
traversing  beam  where  the  bridge  weight  increases  as  it  is  extended  over 

the  gap.  Also,  the  performance  of  the  control  system  is  determined  at  i 
different  values  of  the  dead  band  and  pre-load  of  the  NITINOL  actuator. 

t 
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Figure  (3)  -  Block  diagram  of  the  control  system 
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3.  PERFORMANCE  OF  SMART  BEAM 

3.1.  Effect  of  actuator  pre-load 

Figures  (4).  (5)  and  (6)  show  the  performance  of  the  SMART  beam  when 
the  pre-load  of  the  NITINOL  actuators  is  0.  2.2  and  4.4  N,  respectively.  In 
all  these  figures,  the  controller  dead  band  is  set  at  0.976  pm  and  the 
moving  weight  is  pulled  at  a  constant  speed  of  0.011  m/s  over  the  beam 
span.  In  Figure  (4-A),  the  position  of  the  moving  weight  is  shown  as  a 
function  of  time  and  the  corresponding  deflection  of  the  free  end  of  the 
uncontrolled  beam  is  shown  in  Figure  (4-B).  This  deflection  increases  to  a 
maximum  value  of  1.8  mm  as  the  moving  weight  moves  from  the  fixed  end  of 
the  beam  to  its  free  end.  When  the  controller  is  activated  the  NITINOL 
actuators  remain  ineffective,  as  indicated  in  Figure  (4-C),  until  their 
temperature  starts  exceeding  their  phase  transformation  temperature  of 
about  40  C.  This  occurs  at  a  time  of  about  10  seconds  as  shown  in  Figure 
(4-D).  Until  such  time  is  reached  the  beam  deflection  remains  essentially 
equal  to  that  of  the  uncontrolled  beam.  However,  as  the  time  progresses 
the  NITINOL  actuators  start  generating  their  phase  recovery  forces  as  shown 
in  Figure  (4-C).  These  forces  bring  the  beam  back  to  its  undeflected 
position  by  compensating  for  the  moment  produced  by  the  moving  weight. 
Once  the  undeflected  position  is  attained,  at  time  =  13  s,  the  controller 
deactivates  the  NITINOL  actuators.  This  manifests  itself  by  a  drop  in  the 
actuator  force  and  temperature.  Consequently,  the  beam  deflection  starts 
to  Increase  beyond  the  desired  dead  band  and  the  controller  again  activates 
the  NITINOL  actuators  to  compensate  for  this  error.  This  process  of 
activation  and  deactivation  of  the  NITINOL  actuators  is  repeated  and  it 
results  in  the  oscillatory  behavior  displayed  in  Figures  (4-B),  (4-C)  and 
(4-D). 

Increasing  the  pre-load  of  the  NITINOL  actuators  to  2.2  N  and  4. 4  N  is 
observed  to  considerably  improve  the  performance  of  the  SMART  beam  as  shown 
in  Figures  (5)  and  (6)  respectively.  This  improvement  is  attributed  to  the 
increase  in  the  phase  recovery  forces  developed  by  the  actuators  as  a 
result  of  increased  pre-loads.  A  summary  of  the  effect  of  the  pre-load  on 
the  maximuin  end  deflection  of  the  controlled  and  uncontrolled  beam  is 
displayed  in  Figure  (7). 

3.2.  Effect  of  controller  dead  band 

The  effect  of  increasing  the  dead  band  on  the  controller  performance  is 
shown  in  Figure  (8).  The  figure  indicates  that  increasing  the  dead  band 
tenfold  resulted  in  increasing  the  maximum  deflection  of  the  beam  from  0.3 
mm  to  0.  5  mm.  Such  an  Increase  is  attributed  to  the  delayed  response  of 
the  controller  which,  in  turn,  resulted  in  delayed  heating  of  the  NITINOL 
actuators  as  clearly  shown  in  Figure  (8-D). 

3.3.  Effect  of  moving  weight  speed 

The  effect  of  varying  the  speed  of  the  moving  weight  on  the  performance 
of  the  SMART  beam  is  shown  in  Figure  (9).  At  low  travel  speeds,  the 
controller  response  is  adequate  enough  to  compensate  for  the  deflection 
error.  However,  as  the  speed  of  the  weight  increases  the  slow  response  of 
the  NITINOL  actuators  becomes  a  limiting  factor  in  correcting  the  displace- 
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Figure  (4) 
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Figure  (6)  -  Performance  with  actuator  preload  =4. 4N  and  dead  band  =  .976pm 
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Figure  (7)  -  Effect  of  preload  on  controlled  and  uncontrolled  performance 
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Figure  (9)  -  Effect  of  moving  weight  speed  on  performance  (actuator  preload 
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ment  error.  This  is  clearly  manifested  in  Figure  (9-C)  where  the  monitored 
maximum  displacement  error  is  0.1  mm  when  the  weight  speed  is  0.011  m/s  and 
it  increases  to  0.9  mm  as  the  weight  speed  is  increased  to  0.021  m/s. 

4.  STRESS  DISTRIBUTION 

4.1.  Theoretical  modeling 

A  finite  element  model  is  developed  to  model  the  stress  distribution  in 
the  SMART  beam.  The  model  is  obtained  by  dividing  the  beam  into  a  set  of  E 
quadrilateral  plate  elements  such  that  the  displacement  model  within  each 
element  is  assumed  to  be 

U  =  INI  (1) 

where  [N]  is  the  matrix  of  shape  functions  and  6®  is  the  vector  of  nodal 
displacements  of  the  element  (Fenner  1975.  Rao  1989).  The  strain  vector  c 
is  also  expressed  in  terms  of  the  nodal  displacement  vector  6®  by 
differentiating  equation  (1)  to  yield 

c  =  [B1  6®.  (2) 

where  IBI  is  the  spatial  derivative  of  the  matrix  of  shape  functions  [NJ. 

The  vector  of  stresses  cr  are  obtained  from  the  constitutive  model  of 
the  beam  as  follows 


0-  =  [D!  (c  -  E„),  (3) 

where  (Dl  is  the  eiasticily  matrix  and  is  the  vector  of  initial  strains 
due  to  the  pre-load  of  the  NITINOL  and  the  thermal  loading. 

Using  the  classical  finite  element  approach,  one  can  write  the  total 
potential  energy  of  the  beam  and  the  necessary  conditions  for  minimizing 
that  energy  to  attain  a  static  equilibrium  configuration  of  the  beam.  This 
yields  the  following  equation 


r  E 


(I 

e=l 

1K®1  j 

A  = 

e=l 

Pi  *  Pb 

)  ^Pc 

(4) 

IK®I 

[Bl^ 

[Dl 

[B|  dV  = 

element  stiffness. 

(5) 

p! 

IB]T 

IDl 

c„  dV  = 

element  load  vector 
due  to  intial  strain, 

(6) 

p: 

=iii 

INI  ■ 

«  07 

= 

element  load  vector 
due  to  body  forces. 

l7) 

A 

=  the 

global  vector  of 

nodal  displacements. 
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4>  =  the  vector  of  body  forces  per  unit  volume, 

y  =  beam  volume, 

and  P,.  =  concentrated  loads  and  moments  vector  such  that: 

P;.(t)  =  weight  of  moving  m.ass  W  at  node  t 

Pj-(a)  =  moment  of  NITINOL  actuators 
(total  actuators  tension  T  x 
distance  to  neutral  axis  d)  at  node  a 

otherwise  Pedi  =  0  for  all  nodes  i  except  i=  f  or  a  (8) 

Equation  (4)  is  used  to  calculate  the  nodal  displacements  due  to  the 
motion  of  the  moving  weight  W  over  the  beam  span  with,  and  without,  the 
activation  of  the  NITINOL  actuators  (i.e.  with  and  without  the  application 
of  the  control  moment  P,-(a)=  T  x  d).  Equations  (2)  and  (3)  are  then  used 
to  compute  the  resulting  strains  t  and  stresses  cr. 

The  computed  shear  stresses  t,,  are  compared  with  the  shear  stresses 
T„  measured  using  the  photo-elastic  technique  (Kuske  and  Robertson  1974) 
which  are  given  by 


=  n  f  /  (4  t),  (9) 

where  n  is  the  order  of  the  iso-chromatic  fringe  on  which  acts,  f  is  the 
material  photoelastic  constant  and  t  is  optical  thickness  of  each  side  of 
the  traversing  beam. 

4.2.  Results 

Figure  (10)  shows  a  comparison  between  the  finite  element  model 
predictions  and  the  photoelastic  measurements  of  the  shear  stress 
distribution  in  the  sides  of  the  traversing  beam.  The  figure  shows  the 
theoretical  and  experimental  stresses  developed  when  the  load  is  at  the 
fixed  end  of  the  traversing  beam  as  indicated  in  case  (A).  Comparisons  are 
also  given  when  the  load  is  placed  at  the  free  end  of  the  beam  with  the 
controller  unactivated  (case  B)  and  activated  (case  C).  It  can  be  seen 
that  there  is  close  agreement  between  theory  and  experiments. 

It  is  also  important  to  note  that  the  activation  of  the  NITINOL 
actuators  results  in  reducing  the  shear  stresses  in  the  beam  particularly 
at  its  fixed  end.  This  is  clearly  manifested  by  the  shifting  of  the 
iso-shear  stress  contours  to  the  left  and  accordingly  reducing  the  maximum 
order  of  the  iso-chromatic  fringes  measured. 

5.  CONCLUSIONS 

This  study  has  presented  a  SMART  beam  with  built-in  sensing  and 
actuation  capabilities  which  are  based  on  the  utilization  of  shape  memory 
fibers  (NITINOL)  to  control  the  deflection  under  the  action  of  a  moving 
load.  Experimental  and  theoretical  investigations  performed  successfully 
demonstrate  the  feasibility  of  the  SMART  traversing  beam.  Increasing  the 
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pre-load  of  the  NITINOL  actuators  and  reducing  the  controller  dead  band  are 
found  essential  to  improving  the  performance  of  the  SMART  beam.  It  is  also 
observed  that  the  travel  speed  of  the  moving  weight  should  be  compatible 
with  the  time  response  capability  of  the  NITINOL  actuators  in  order  to 
achieve  effective  controller  performance. 

The  results  obtained  suggest  the  potential  of  the  SMART  beam  concept  in 
providing  light  weight,  high  strength  and  low  deflection  beams  that  can  be 
effective  in  designing  critical  structures  such  as  long  span  support 
bridges. 
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Abstract 

Embedding  of  shape  memory  alloy  (SMA)  6bers  in  slender  flexible  bodies  results  in 
shape  changes  of  the  host  medium,  whenever  shape  recovery  of  the  SMA  fibers  takes 
place.  The  shape  change  of  a  cylindrical  rod  with  a  single  off-axis  embedded  SMA 
fiber  is  modeled  in  this  paper.  The  distributed  axial  compressive  force  and  bending 
moment  due  to  phase  transformation  in  the  SMA  fiber  is  evaluated  using  an 
approximate  analytical  model  and  the  deformed  shape  of  the  flexible  rod  is  found  by 
solving  the  equations  of  equilibrium  of  the  rod. 

1.  INTRODUCTION 

The  shape  memory  effect  (Buehler  and  Wiley  1965,  Perkins  1975)  is  connected  with 
plastic  strain  recovery  upon  heating.  SMA  enhanced  composites  and  SMA  actuators 
have  already  proved  very  reliable  (Liang  and  Rogers  1990a).  Active  flexible 
structures  often  consist  of  thin  components  such  as  rods,  plates  and  shells  that  have 
been  enhanced  with  shape  memory  fibers.  Development  of  one  or  two  dimensional 
theories  that  accurately  describe  the  dynamic  behavior  of  such  composite  elements 
poses  special  challenges.  For,  in  addition  to  geometric  nonlinearities  that  accompany 
large  scale  motions,  one  must  now  include  complex  material  nonlinearity  of  the 
actuators  (McNichols  and  Cory  1987,  Liang  and  Rogers  1990b). 

2.  SHAPE  CONTROL  OF  FLEXIBLE  STRUCTURES 

The  general  problem  of  controlling  the  shape  of  a  flexible  body  according  to  a 
pre— determined  configuration  that  is  not  its  natural  stress— free  state  requires 
development  of  new  continuum  models  as  well  as  new  control  strategies.  The 
problem  can  be  posed  for  either  one-  or  two-dimensional  media  that  execute  three 
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dimensional  motions.  Control  can  be  achieved  by  embedding  SMA  fibers  in  the  body 
in  orientations  that  create  the  necessary  forces  for  maintaining  the  prescribed  shape. 
The  compliance  of  such  a  body  changes  with  space  and  time. 

Considering  a  thin  rod  enhanced  with  SMA  fibers,  a  theory  can  be  developed  that  will 
predict  the  shape  of  the  rod  when  the  SMA  fibers  undergo  the  martensitic-austenitic 
phase  transformation.  The  same  theory  can  also  be  used  to  consider  the  inverse,  and 
conceivably  more  difficult,  problem  of  determining  SMA  fiber  placement  when  the 
shape  of  the  rod  is  given.  A  prerequisite  for  success  will  be  the  correct  modeling  of 
the  mechanisms  of  transfer  of  strain  from  SMA  to  the  host  medium  and  its  conversion 
to  distributed  forces  and  couples. 

A  number  of  thin  SMA  fibers  can  be  assumed  to  be  embedded  in  the  rod  in  various 
orientations  including  helical  configurations.  Assuming  some  initial  prestraining  of 
the  SMA  fibers  before  they  are  perfectly  bonded  to  the  rod,  raising  the  temperature 
I'Syond  Af  will  induce  strains  in  the  surrounding  matrix  caused  by  the  martensitic- 
austenitic  phase  transformation  in  the  fibers  and  the  constraint  of  the  shape  recovery 
imposed  by  the  elastica.  The  variation  in  the  forces  on  any  cross  section  will  give  rise 
to  resultant  bending  and  twisting  moments  that  will  cause  the  curvature  and  torsion 
of  the  rod. 

3.  OFF-AXIS  SMA  FIBER  EMBEDDED  IN  A  CYLINDRICAL  FLEXIBLE  ROD 

To  demonstrate  the  idea  of  modeling  configurational  changes  in  flexible  rods,  a  single 
SMA  fiber  is  considered  to  be  embedded  in  a  long  flexible  rod  of  circular  cross  section 
as  shown  in  Fig.  1.  The  SMA  fiber  is  assumed  to  be  in  the  martensitic  phase  and 
vrith  initial  permanent  axial  strain  denoted  by  The  strain  £»“»  will  denote  the 

strain  associated  with  the  stress— free  shape  recovery  upon  heating,  that  is,  when  the 
temperature  is  raised  above  Af.  The  strain  would  be  recovered  provided  that  the 
SMA  fiber  were  free  to  undergo  the  martensitic—  austenitic  phase  transformation. 
Because  of  the  constraints  imposed  by  the  host  medium,  a  self-equilibrated  internal 
stress  state  will  develop  instead,  and  the  prestrain  will  only  be  partially 
recovered. 

An  approximate  model  for  the  load  transfer  from  the  SMA  fiber  to  the  host  medium 
is  the  cylindrical  shear-^ag  model  (Budiansky  et  al.,  1986).  According  to  this  model, 
the  axial  strain  of  the  host  medium  and  the  partial  shape  recovery  of  SMA  takes 
place  through  deformation  of  a  shear  layer  surrounding  the  SMA  fiber.  Assuming 
that  the  outer  radius  of  the  shear  layer  is  p=(pr-d)  and  that  the  ends  at  s=— L/2  and 
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s=L/2  are  traction— free  (Figure  1),  the  following  result  is  obtained  for  the  shear 
stress  on  the  interface  between  the  SMA  fiber  and  the  host  medium: 


Ej  a  me  ‘HL/S+sLg  o(L/2-s) 

The  constant  a  is  given  by 


(1) 


°‘  =  zr  ■ 
Pi  i 


iT^ 


Ejinfp/pijV-Pi’ 


(2) 


As  a  result  of  the  nonzero  interface  stress,  a  distributed  axial  force  and  a  distributed 
bending  moment  is  applied  to  the  host  medium  by  the  SMA  fiber.  The  distributed 
axial  force  is  found  by  integrating  the  interface  shear  over  the  perimeter  of  the  fiber 
and  its  non-zero  component,  along  the  axis  of  the  rod,  is  given  by 


fj  =  Pi  d$  =  Fs“*  a 

with  Fs“»  defined  by 


g-a(L/2+s)_g-a(L/2-«) 


1+e 


(3) 


Fsna  =  —irpr‘ 


Ejf£M(£2i£liL 

Pi^+(P3^Pi^)Ej/Ei 


(4) 


Similarly,  the  distributed  bending  moment  acts  about  an  axis  perpendicular  to  the 
plane  formed  by  the  SMA  fiber  and  the  axis  of  the  rod.  For  the  coordinate  system 
selected  in  Figure  1  this  is  the  X2  axis  and  the  magnitude  of  the  distributed  bending 
moment  has  the  evaluation 


mj  =  Pi  (d+picostf)  dfl  =  -d  fj 


(5) 


4.  SHAPE  CHANGE  OF  A  FLEXIBLE  ROD  WITH  AN  EMBEDDED  SMA  FIBER 

The  equations  of  equilibrium  of  an  inextensible  rod,  with  applied  distributed  forces 
and  distributed  bending  moments  and  a  quadratic  strain  energy  function,  have  the 
following  form  (Love  1944,  Tadjbakhsh  1966): 


914  It  r/it  \liiri  l  ulls  iiiiil  Uhipnvc  Sinii  fiin  s 


F'  4-  /?2F3  —  '«3F2  +  fi  =  0  , 

1 

(6) 

F '  +  ^^sF  1  -  ^lF 3  +  f2  =  0 

2 

(7) 

F^  +  «iF2  -  a;2Fi  4- f3  =  0  , 

(8) 

+■  tjl33\2^3  ~  El22^2^3  —  F2  4"  mi  =  0  , 

(9) 

El22^'  +  EIh/Ci/C3  —  Gl33/<iK3  4"  F 1  4-  m2  =  0  , 

2 

(10) 

Gl33/t'  4-  El22^l^2  ~  EIii«i«2  +  m3  =  0 

(11) 

For  the  case  of  the  off— axis  SMA  fiber  embedded  in  a  cybndiical  rod,  described  in  the 
previous  section,  we  have  f|=fj=0,  mi=m3=0,  while  fj  and  mj  are  given  by  equations 
(3)  and  (5),  respectively.  The  equations  of  equilibrium  reduce  in  this  case  to  the 
foUowing  ones: 


F'  4-  «2F3  =  0  , 

(12) 

F'  —  ^2F  1  4-  fs  =  0  , 

(13) 

El22«'  4-  Fi  4-  m2  =  0 

2 

(14) 

The  above  system  of  nonlinear  o.d.e.’s  is  supplemented  by  the  kinematical 
relationships 


NJ  =  (,£)'  ,  (15) 

S  8 

xi  =  J  ginipjds  ,  xj  =  I  cosi^ijds  .  (16) 

-L/ j  -L/ 3 

For  a  finite  length  rod,  the  above  system  of  six  o.d.e.’s  (12)-{16)  has  been  integrated 
numerically  using  a  4th  order  Runge— Kutta  scheme.  All  mathematical  manipulations 
have  been  carried  out  with  MATHEMATICA  (Wolfram,  1991).  For  a  simply 
supported  rod,  schematically  shown  in  Fig.  1,  the  boundary  conditions  are 


x,(-L/2)  =  X3(-L/2)  =  Fj(-L/2)  =  «2(-L/2)  =  0 


(17) 


x,(L/2)  =  F3(L/2)  =  KiL/2)  =  0 


(18) 
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The  shooting  method  has  been  employed  to  iteratively  solve  the  above  boundary 
value  problem  by  a  succession  of  initial  value  problems.  After  an  initial  guess  for 
p^{-L/2)  and  Fj(-L/2)  was  made,  the  system  of  o.d.e.  (12)-{16)  was  integrated  from 
s=-L/2  to  s=L/2  and  the  error  in  and  Xj(L/2)  was  used  to  update  ¥)j(-L/2) 

and  F,(-L/2)  by  adding  to  them  increments  found  from  the  solution  to  the  following 
system  of  linear  equations: 


•5x^(L/2) 

dx,il/2) 

5<p,(-L/2) 

-Xi(L/2) 

^t\(-L/2) 

dK,(LI2) 

5«3(L/2) 

iF^(-L/2) 

— 

-«,(L/2) 

wfpqri 

The  partial  derivatives  in  the  coefficient  matrix  above  were  found  numerically. 

5.  SELECTED  RESULTS 

As  an  example,  the  deformed  shape  of  a  rod  of  length  25d  with  an  embedded  SMA 
fiber  is  shown  in  Fig.  1.  The  rod  is  simply  supported  and  is  assumed  to  be  straight  in 
its  original  configiuation,  before  the  martensitic— austenitic  transformation  occurs  in 
the  SMA  fiber.  It  is  noted  that  for  rod  lengths  below  a  critical  value  the  deformed 
shapes  are  similar  to  the  one  shown  in  Fig.l.  When  the  rod  length  exceeds  that 
critical  value,  bifurcation  of  the  solution  occurs  and  multiple  shapes  are  possible. 
This  point  is  currently  under  investigation. 
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